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A dielectric model for thawed and frozen Arctic organic-rich soil (50% organic matter) has been devel-
oped. The model is based on soil dielectric measurements that were collected over ranges of gravimetric
moisture from 0.03 to 0.55 g/g, dry soil density from 0.72 to 0.87 g/cm®, and temperature from 25 to
—30°C (cooling run) in the frequency range of 0.05-15 GHz. The refractive mixing dielectric model
was applied with the Debye multi-relaxation equations to fit the measurements of the soil’s complex
dielectric constant as a function of soil moisture and wave frequency. The spectroscopic parameters of

giyzvr?ircd; . the dielectric relaxations for the bound, transient bound, and unbound soil water components were
M fisture derived and were complimented by the thermodynamic parameters to obtain a complete set of parame-
Temperature ters for the proposed temperature-dependent multi-relaxation spectroscopic dielectric model for moist

Dielectric model soils. To calculate the complex dielectric constant of the soil, the following input variables must be
Thawed and frozen soil assigned: (1) density of dry soil, (2) gravimetric moisture, (3) wave frequency, and (4) temperature.
SMOS The error of the dielectric model was evaluated and yielded RMSE, values of 0.348 and 0.188 for the soil
dielectric constant and the loss factor, respectively. These values are on the order of the dielectric mea-
surement error itself. The proposed dielectric model can be applied in active and passive microwave
remote sensing techniques to develop algorithms for retrieving the soil moisture and the freeze/thaw

state of organic-rich topsoil in the Arctic regions.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The most promising results in the remote sensing of soil mois-
ture, freeze/thaw state, and temperature over land surfaces have
been obtained using microwave radiometry and radar techniques.
Contemporary space missions using these techniques, such as
AQUA, GCOM-W (Global Change Observation Mission), SMOS
(Soil Moisture and Ocean Salinity), SMAP (Soil Moisture Active
Passive), RADARSAT (Radar Satellite)) and ALOS PALSAR
(Advanced Land Observing Satellite Phased Array type L-band
Synthetic Aperture Radar), employ radiometers and radars that
function in the frequency range from 1.2GHz to 89 GHz.
Dielectric models of topsoil are a crucial element of retrieval algo-
rithms that are used to obtain geophysical characteristics of the
land surface, such as soil moisture, temperature, and freeze/thaw
state, with these techniques.

Recent research in microwave radiometry and radar remote
sensing has been focused on the Arctic region (Bircher et al.,
2012; Jones et al., 2007; Mironov et al., 2013a; Rautiainen et al.,
2012; Watanabe et al., 2012). The topsoil in both boreal forests
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and Arctic tundra generally contains organic-rich soils, which
requires that dielectric models for these soils be available to
develop retrieval algorithms. A dielectric model for the organic-
rich Arctic soil in the area of North Slope, Alaska, was proposed
by Mironov et al. (2010a). This model provides predictions of the
complex dielectric constant (CDC) for one type of thawed and fro-
zen organic-rich soil as a function of frequency, temperature, and
moisture ranging from 1.0 to 16 GHz, 25 to —30 °C, and 0.05 to
1.1 g/g, respectively. The CDC of moist soil depends on the type
of solids in the soil. Therefore, to develop remote sensing algo-
rithms for natural environments, the dielectric models for other
organic soils are needed.

This paper presents measurements of an organic-rich soil sam-
ple that was collected on the Yamal Peninsula and develops a tem-
perature-dependent multi-relaxation spectroscopic dielectric
model (TD MRSDM). Compared to the model in Mironov et al.
(2010a), the frequency range was extended from 1-16 GHz to
0.05-15 GHz, and many additional dielectric relaxations of soil
water were detected in the frequency range of 0.05-1.0 GHz. As a
result, a new approach to processing the measured dielectric data
was applied, and the theoretical dielectric model of moist soil used
in Mironov et al. (2010a) was modified to address the multi-
relaxation characteristics of the measured dielectric data of the soil
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samples as was done in Mironov et al. (2013b) for thawed mineral
soils. The temperature range for the frozen soil samples was also
substantially extended from —30°C to —7°C (as in Mironov
etal.,, 2010a) to —30 °C to —1 °C, which allowed taking into account
the intensive phase transitions of soil water between —1 °C and
—7 °C that were observed in a cooling run.

2. Soil samples and measurement procedures

The soil sample that was analyzed was collected during field-
work conducted at a typical grassy moss tundra site located at
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N70°25'52", E68°25'19” at an elevation of 39.3 m. The sample
was extracted from depths between 9 and 14 cm and consists of
mineral solids and decomposed organic matter. In vivo, the air
dry bulk density of the sample is 0.26 g/cm>. The percentages of
organic matter and mineral solids are as follows: organic matter
~50%, quartz ~30%, potassium feldspar ~5-10%, plagioclase ~5-
10%, and chlorite, mica, and smectite in trace amounts (<1%). The
percentages of organic matter were determined by annealing at a
temperature of 525 °C over 2 h.

The soil samples were processed using the procedure given in
Mironov et al. (2010b). The gravimetric moisture of the soil sam-
ples, mg, was determined as the ratio of the soil water mass, My,
to that of the dried soil sample, My; that is, mg = M,,/My. The gravi-
metric moisture of the samples varied from 0.03 to 0.55 g/g. A total
of 10 soil samples with different moistures in this range were mea-
sured, and the temperature of each of the samples was varied from
25°C to —30°C. The dry soil density, p4, was determined as
pa=My/V, where V is the volume of the coaxial container and var-
ied from 0.72 to 0.87 g/cm>. The measurement errors for mg and py
were estimated to be less than 6%. Similar to Mironov et al.
(2010a,b), a Rohde & Schwarz ZVK vector network analyzer was
used to measure the frequency spectra of the elements of the scat-
tering matrix for the coaxial measurement container. From this
measurement, the soil sample’s CDC values were derived as in
Mironov et al. (2010b,c). The errors varied from 3% to 30% depend-
ing on the frequency. Isothermal measurements were ensured
using an SU-241 Espec heat and cold chamber, which provided
temperature stability in the chamber within 0.5 °C. Unlike the
measurements in Mironov et al. (2010a), ice crystallization nuclei
were introduced into the soil samples to avoid depressing the soil
sample’s freezing temperature down to —7 °C and to ensure that
the soil samples would be frozen at —1 °C.

3. Concept of a multi-relaxation spectroscopic dielectric model
(MRSDM)

As in Mironov et al. (2010a), we analyze the complex dielectric
constant (CDC) of moist soil, &', in terms of the reduced complex
refractive index (CRI):

(ng = 1)/pa = (Ve&; = 1)/pg = (s = 1)/ py + K/ py, (1)

where n = Re\/¢*s and «; = Im,/¢*; are the refractive index (RI) and
the normalized attenuation coefficient (NAC), respectively. The
NAC is considered to be a proportion of the standard attenuation
coefficient to the free-space propagation constant. As observed in
(1), the reduced CRI of a given substance is equal to a difference
between the CRI of the substance and the CRI of air normalized
by the density of the substance. For the reduced CRI of moist soil,
we use the refractive mixing dielectric model as given in Mironov
et al. (2010a):

mg < Mgy
mgl S mg S mg2 (2)

mg > Mgy

mg] S mg S mgz (3)

where mg; and m,, are the maximum gravimetric fractions of
bound water and total bound water (which consists of bound water
and transient bound water), respectively.

According to (2) and (3), three ranges of soil moisture, namely
Mg < Mgy, Mgy < My < Mgy, and mg > My, are clearly distinguished.
In the first range (mg < my;), only the bound water component can
form in the soil when liquid water is added to an initially dry soil.
Therefore, the first range can be identified as the range of bound
water. In the second range (mg; < mg < Myy), an aggregate of both
the bound and transient bound components are present; the tran-
sient bound water component forms in the soil from liquid water
being added to the soil in excess of the maximum bound water
fraction, mg. The second range can therefore be considered as
the range of transient bound water. In the third range (m, > my,),
an aggregate of all three components (bound, transient bound, and
unbound) of soil water are present, and only the unbound water
component forms in the soil from the liquid water in excess of
the maximum total bound water fraction, mg,. Thus, the third
range can be considered as the range of unbound water, which
can exist in the form of liquid water or wet ice in thawed and fro-
zen soil, respectively.

The maximum bound and total bound water fractions are deter-
mined at the breakpoints in the reduced CRI as a function of mois-
ture, which occur because the reduced Rls and NACs of the bound
((n*p — 1)/pp, and Kp/pp), transient bound ((n, — 1)/p, and x¢/py),
and unbound ((n, — 1)/p, and x,/p,) soil water components (see
Egs. (2) and (3)) are different. The parameter mg; separates the
range of bound water from that of transient bound water, and
Mg, separates the range of transient bound water from that of
unbound water.

The subscripts s, d, m, b, t, u, and i, which are related to n, x, and
the density p, refer to the moist soil, dry soil, solid component of
soil, bound water, transient bound water, unbound-liquid water,
and wet ice, respectively. In addition, we assume that p,=p;=
pu=1g/cm® in a thawed soil and that p,=p;=1g/cm®> and
pi=0.917 g/cm® in a frozen soil. This assumption is applied to
the densities of the soil water components only in the framework
of the proposed soil dielectric model and will be confirmed when
the dielectric model is validated as a whole.
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According to (1), the RI, np, and NAC, &, with the subscript p,
which indicate the bound (p=b), transient bound (p=t),
unbound-liquid (p = u), and wet ice (p = i) soil water components,
can be expressed through the dielectric constant (DC), &, and
the loss factor (LF), &,”, as follows:

V2 = KpV2

2 2
(&))" + (&5)" + &),

=\/\/(&)* +(&)° &, (4)

Similar to Mironov et al. (2013b), we express the dielectric con-
stant and the loss factor of the components of soil water in (4)

2n5Ks + py(Mg)(Mg/ py) 0/ 2Tf &,
& = 2n5Ks + py(mg)[(Mg1/ py)0p + [(Mg — Mg1)/(0,)]0¢] /27 &,
205165 + pg(Mg)[(Mg1/pp) 01 + [(Mg2 — Mg1)/(pp)]0c + [(Mg —

using the equations for the Debye multiple relaxations (Kremer
et al., 2002) of non-conductive liquids, which account for only bias
electric currents:
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where fis the wave frequency, &opr, €opm, and &qpy are the low fre-
quency limits of the dielectric constants that correspond to the
respective relaxations, and &,y is a high frequency limit for the
dielectric constant of the dipole relaxation. The subscripts H, M,
and L refer to the high frequency, middle frequency, and low fre-
quency relaxations, respectively. The high frequency relaxation is
a dipole relaxation, whereas the middle frequency and low fre-
quency relaxations are assumed to be the interfacial (Maxwell-
Wagner) relaxations that arise due to periodic recharge of soil water
layers under the influence of an alternating electromagnetic field.
The parameters t,;, T,u, and 1,y are the times of the respective
relaxations. All of these parameters should be related to the bound
(p = b), transient bound (p = t), unbound-liquid (p = u), and wet ice
(p =1) components of the soil water. In the case of bound water, a
three relaxation form of Eq. (5) is used. In the case of transient
bound water, a two relaxation equation is applied, which follows
from (5) with &gy = €gpy. In the case of unbound water, a single
relaxation equation is used, which follows from (5) with
EouL = €ouM = €ouH-

The LFs, £, that are determined by Eq. (5) do not include a term
that accounts for the ohmic conductivity of the soil water compo-
nents. Nevertheless, keeping in mind that only the bias currents
account for the DC of moist soil, ¢;, we can express this value in
the form

2
S

— K (6)

s

{_‘/

s =1

where Eqs. (2)-(4) are used to calculate the RI, ns, and the NAC, k.

At the same time, the LF of moist soil, &”s, can be represented as
the sum of two terms that account for the bias currents, &g, and
the conductivity currents, ¢’ that run through the moist sample.
The terms that account for the bias and ohmic conductivity cur-
rents can be expressed as &’s, =2nsk and &’ = gs/2Tfe,, respec-
tively. Here, ny and k; are calculated from (4) and (5), g5 is the
specific conductivity of the moist soil, and ¢,=8.854 pF/m is the
dielectric constant of the free space. We now represent the specific

electrical conductivity of the moist soil, g, as the sum of the speci-
fic conductivities, o}, of all of the components of soil water (p = b, ,
u, i), which are weighted by their relative volumetric fractions, W,;
that is, gs=Wyo + Wo + W,,;0,;. By definition, the volumetric
fraction, W, (p=>b, ¢, u, i), is expressed as W, =V,[V, where V is
the sample volume, and V;, is the volume of water in the soil that
relates to a specific component p. V and V, can be expressed
through the respective masses and densities as V=Mgy/pys and
Vp =M,/pp. Consequently, the volumetric fraction W, can be
expressed in the form W, = mg,(pa/ pp), where mg,, is the gravimet-
ric moisture that relates to a specific soil water component p. As a
result, the expression for the LF of moist soil can be written as:

0< mg < Mg1;
Mgy < Mg < Mygy; (7)

ng)/Pu,i}au‘i]/znfgn mg > Mg;.

Egs. (1)-(7) show that the DC and LF spectra at a given soil tem-
perature as a function of the input variables (dry soil density, pg,
gravimetric soil moisture mg, and wave frequency f) can be calcu-
lated using the following set of parameters: (N, — 1)/0m, Km/Om,
Mg1, Mgz, €opas EoopHr Tpo» Op, Which are related to i) the bound
(p=Db), transient bound (p =t), unbound-liquid (p=u), and wet
ice (p =1i) components of the soil water and ii) the high frequency
(Q = H), middle frequency (Q = M), and low frequency (Q = L) relax-
ations of the soil water components. These parameters can be
regarded as characteristics of the MRSDM. The reduced RI,
(nm — 1)/ pm, and the NAC, k,,/pm, are mineralogical characteristics
of the soil solids. The maximum gravimetric fractions of the bound
water, my, and of the total bound water, mg,, are hydrological
characteristics of the bulk soil. The low limit and high limit dielec-
tric constants, &pq and €..py, in conjunction with the values of the
relaxation time, 7,q, are relaxation characteristics of the soil water
molecules. Finally, the conductivities, g, are electrical characteris-
tics of the soil water solutions. These parameters should vary with
temperature. In the next section, we outline the methodology for
retrieving all of the parameters of the multi-relaxation spectro-
scopic dielectric model.

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

Laboratory measurements of the CDC spectra were used to
retrieve the parameters of the multi-relaxation dielectric model
of moist soil. The measured reduced RI and NAC are shown in
Fig. 1 with the results of fitting the theoretical models (2) and (3)
to the measured data. The measured RI and NAC can be calculated
using Eq. (1) and the data shown in Fig. 1 and Table 1.

The results in Fig. 1 show that models (2) and (3) are satisfac-
tory. The Rl and NAC measurements are piecewise linear in certain
moisture ranges, which indicates the contributions of the particu-
lar components of water. The maximum fractions mg; and my; are
determined as the transition points from one linear segment of the
fit to another (Fig. 1). These values were retrieved by fitting the
theoretical models (2) and (3) to the measured reduced RI and
NAC values as a function of soil moisture at various temperatures.
Thus, the obtained maximum fractions mg; and mg, depend on the
temperature, particularly in the case of frozen soil samples. These
dependences were fitted with polynomials and exponential
functions and yielded the following equations:
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Fig. 1. Behavior of the reduced characteristics for (a) the RI, (n; — 1)/pg, and (b) NAC, (x5 — 1)/pg, vs. gravimetric moisture at a fixed frequency of 1.4 GHz at temperatures from
25 °C to —30 °C. The dashed lines indicate fits of Egs. (2) and (3) to the measured data.

Table 1

The values of gravimetric moistures and dry soil densities observed in measurements.
mg (g/g) 0.027 0.093 0.152 0.228
pa (g/cm?) 0.87 0.808 0.767 0.747

0.273
0.752

0.517
0.715

0.554
0.774

0.400
0.809

0.460
0.748

0.343
0.758

mg; = 0.19 — 0.00037T,
mg; = 0.114 4+ 0.081exp(T/50.6),
mg, = 0.404, 0°C<T<25°C
Mgy = 0.237 + 0.225exp(T/4.81),

By fitting the theoretical models (2) and (3) to the reduced RI
and NAC measurements as a function of soil moisture at various
temperatures (Fig. 1), the values of (n,, — 1)/p; and Kn/pm were
retrieved. The latter are equal to the values of (ns — 1)/p4 and K,/
pa in the fitted models (2) and (3) at mg= 0, respectively. Thus,
the obtained temperature dependences for the values of the
reduced RI, (n, —1)/pm, and the NAC, x,/pn, that characterize
the soil solids were fitted with polynomials and yielded the follow-
ing equations:

(N — 1)/p,, = 0467 —0.001T, ~ —30°C <T <25°C;
Km/p, = 0.0015,  —30°C < T < 25°C.

0°C<T<25°C

-30°C<T<-1°C
(8)

—-30°C<T<1°C

9

1-T=10°C, mg=0,027 a/g

. (@) .
20 ] . 2-T=-20"C, m =0,152 g/g
1 3-T=-20°C, m =0,228 g/
18] : g/g
| 4-T=-20°C, m =0,554 gig
-0 16-_ 5-T=10°C, m_=0,343 g/
£ 144 6-T=10°C, m,=0,517 g/g
v} R g,
» 124 5
c
5 |
S 104
L {1 4
3 8-
@ j
QL 64 3
a |
4 2
]

MRRAN] T
1E9 1E10

Frequency (GHz)

T
1E8

With the data shown in Fig. 1 and Eqgs. (1) and (2), the values of
the RI of unbound water are calculated as n, =10 and n;=5.6 at
temperatures of 0°C and -1 °C, respectively, and n; sharply
decreases to 2.4 at —30 °C. The latter value is similar to the value
of 1.77 for crystal ice. Therefore, we conditionally assume that
the soil samples are in a frozen state in the temperature range
—-30°C<T< —1°C. It is worth noting that this assumption is
applied in the methodology that is used to analyze the measured
dielectric data.

Now that the dependence of the complex refractive index on
moisture has been established and the division between the frozen
and thawed states has been clarified, we turn our attention to the
methodology for retrieving the spectral parameters in Egs. (5) and
(6). The spectra for the DC and LF of moist soil samples measured at
different moistures and temperatures will be used to determine
these parameters. Fig. 2 shows several patterns of these spectra
for the thawed and frozen soil samples. As can be deduced from

(b) 1-T=10°C, m =0,027 g/g
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Fig. 2. Spectra of (a) dielectric constant, &, and (b) loss factor, ¢/, from measured data (symbols) and fitted (lines) with (i) formulas (6), (2), (3), (8), (9), (4) and (5) and (ii)
formulas (7), (2), (3), (8), (9), (4) and (5), respectively. The data represent both thawed (T = 10 °C) and frozen (T = —20 °C) soils that contain only bound water (mg = 0.027 and
mg =0.152), bound water and transient bound water (mg = 0.228 and m, = 0.343), and bound water, transient bound water and unbound-liquid water at T = 10 °C or wet ice at

T=-20°C (mg=0.517 and m, = 0.554).
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for the bound water, &gpq, transient bound water, &orq, unbound-liquid water, £ouq,
and wet ice, &g, at high frequency (Q=H), middle frequency (Q=M), and low
frequency (Q = L) relaxations.

the equations in (8), the samples shown in Fig. 2 contain bound
water (plots 1 and 2), bound water and transient bound water
(plots 3 and 5), and all three soil water components (plots 4 and
6). In this case, the frozen soil samples contain unbound soil water
in the form of wet ice.

In the first phase of fitting, the DC spectra of the samples are fit-
ted using only the measured values of soil moisture in the range
0 < mg < myg so that only the bound water component is contained
in the samples. The theoretical model of the soil DC that is fitted to
the measured spectra is calculated by applying Egs. (6), (2), (3), (8),
(9), (4) and (5).

The theoretical spectra that are calculated with Egs. (6), (2), (3),
(8), (9), (4) and (5) and account for (i) only high frequency relax-
ation, (ii) high frequency and middle frequency relaxations, and
(iii) high frequency, middle frequency and low frequency relax-
ations are successively fitted to the measured data and yield the
following sets of spectroscopic parameters, respectively: (i) €gpy
and tpy; (i) €obhy Tom, €obme aNd Tpy, and (iii) opr, Toms Eobms Toms
obr, and 7. The high frequency limit e.pn, p=b, t, u, i, is assigned
a value of 4.9 from this point on. Figs. 3 and 4 show the spectro-
scopic parameters that are obtained for the bound water
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Fig. 4. Relaxation time as a function of temperature. The measured data and
respective fits are shown with symbols and lines, respectively, for the bound water,
Tpo, transient bound water, 7,q, unbound-liquid water, and wet ice, i, at high
frequency (Q = H), middle frequency (Q = M), and low frequency (Q = L) relaxations.
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Fig. 5. Conductivity as a function of temperature. The measured data and their fits
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component as a function of temperature. The theoretical spectra
for the dielectric constant calculated at the derived values of the
parameters €opy, ThH, €obM» ThM» €obL, Thi, are also shown in Fig. 2
and demonstrate good correlations with the measured data.

After all of the spectroscopic parameters for the bound soil
water (€opm, Tomr €obM» Thm» €obr, and Tp) were derived using only
the dielectric constant spectra that were measured for moist soil
samples, we can perform further fitting to obtain the specific con-
ductivity of the bound soil water from the loss factor spectra mea-
sured for gravimetric soil moistures in the range 0 < mg < my. To
calculate the theoretical values of the loss factor, we apply Egs.
(7),(2),(3),(8),(9), (4) and (5) using the values of the spectroscopic
parameters that were previously derived. The fitted theoretical
model for the loss factor calculated using the derived values of
EobH» ThH» €obMs Thvis €obLy Thr, aNd Gy is also shown in Fig. 2 and shows
a good correlation with the measured data. As a result of this fit-
ting, the value of the specific conductivity for the bound soil water,
op, Was obtained as a function of temperature and is shown in
Fig. 5.

The spectra measured for the samples that contain both bound
water and transient bound water components were used in the
second phase of fitting, and the same fitting approach was applied
with the values of the parameters &gy, To, E0bm» Toms EobL, Thr aNd G
from the first phase of fitting. The results of the second phase of fit-
ting for the derived values &oy, Ten, €0t Te, and g are shown in
Figs. 3-5.

The third phase of fitting used the spectra that were measured
for the samples that contain all three components of soil water
using the values of the parameters &€opy, ToH, €obms Tohms €obLs This
b, Eothy Tery €otL, Tt and a¢ from the first and second phases of fit-
ting. The results of the third phase of fitting for the derived values
of €oun, Tuim, and o,; are shown in Figs. 3-5. Now that the tem-
perature dependences of all of the spectroscopic parameters and
specific conductivities have been obtained, we will consider the
temperature-dependent multi-relaxation spectral dielectric model
(TD MRSDM) for moist soil following the methodology of Mironov
et al. (2010a), which outlined only a single relaxation case.

5. The temperature-dependent multi-relaxation spectroscopic
dielectric model (TD MRSDM)

We suggest that the temperature dependences for the low fre-
quency limit dielectric constants observed in Fig. 3 follow the
equation that was obtained in Mironov et al. (2010a) with the
use of the Clausius—Mossotti law (Dorf, 1997):

- 1+2 eXp[FPQ(TSEPQ) - [))va(T - Ts&pQ)}
fono(T) = 1 —exp[Fpq(Tsepa) — Bupa (T — Tsepa)] ’ Fre(D)

_ &p Q(T) -1
=l [SOZQ(T) + 2]’ (10)
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Table 2

(a) and (b) TD MRSDM parameters for all components of soil water in the temperature range —30 °C < T< +25 °C.

Soil water component Bound soil water, p=b

Relaxation High frequency Middle frequency Low frequency

Temperature range T<-1°C T>0°C T<-1°C T>0°C T<-1°C T>=0°C
(a)

Parameter Units

£op(Tseop) - 11 19 25 43 85 110

Puop 1/K 3.73x 1073 1.54 x 1073 191 x 1073 6.39 x 104 247 x 1074 9.94 x 107>
Tscop °C -20 20 -20 20 -20 20

AHp/R K 751 1113 1231 1630 1240 361

ASy/R - -1.55 -0.1 -2.39 -0.86 -5.32 —-8.46
Temperature range T<-1°C T>=0°C

p(Tsop) S/m 0.02 0.02

Bop (S/m)/K 0 0

Tsop °C -20 20

Soil water component Transient bound water (p =t) Wet ice water (p =1i) Unbound-liquid water (p = u)
Relaxation High frequency Low frequency High frequency High frequency
Temperature range T<-1°C T>0°C T<-1°C T>0°C T<-1°C T>0°C
(b)

Parameter Units

£op(Tseop) - 18 47 65 79 5.5 85

Puop 1/K 464 x1073 2.59 x 107 3.69 x 107 7.24 x 107° 9.04 x 1073 453 x107°
Tseop °C -20 20 -20 20 -20 20

AHp/R K 1792 1548 1679 251 1185 1979

ASy/R - 1.97 1.06 -0.42 -5.65 -0.53 2.49
Temperature range T<-1°C T>=0°C T<-1°C T>0°C
p(Tsop) S/m 0.05 0.05 5x1073 0.2

Bop (S/m)/K 0 0 0 7.77 x 1073
Tsop °C -20 20 -20 20

where ggpo and B,pq are the low frequency limit dielectric constants
and the volumetric expansion coefficients, respectively, that are
related to the bound water (p = b), transient bound water (p = t),
unbound-liquid water (p =u), and wet ice (p =i) components of
the soil water, the subscript Q represents the low (Q = L), middle
(Q=M), and high (Q=H) frequency relaxations of the soil water
components, and Ts.po represents the starting temperature, which
can be any value from the measured temperature intervals. The val-
ues of f,pq and &gpo(Tsepo) can be determined by fitting the theoreti-
cal model (10) to the measured data shown in Fig. 3. The fitted
theoretical models for the low frequency limit dielectric constants
that were calculated with the values of f,,q and gopo(Tsepe) from
the fitting are also shown in Fig. 3 and agree well with the measured
data. This fitting is performed separately for the thawed and frozen
soil samples. The values of f,pq, Tsepo, and opo(Tsepo) derived from
the fitting are given in Table 2(a) and (b).

The relaxation time also requires a temperature dependence
and is shown as a function of temperature in Fig. 4. The measured
relaxation time can be described by the Eyring equation (Dorf,
1997):

kTK _ AHPQ 1 ASpQ
In (TTPQ> “"R T« R

where h is the Plank constant (6.624 x 10734]s), k is the Boltzmann
constant (1.38 x 1072 JK™"), AH,q is the activation energy of the
relaxation process, R is the universal gas constant
(8314 x 10* JK " kmol™"), AS,q is the entropy of activation, and
Tk is the temperature in Kelvin. The ratios AHpo/R and AS,q/R,
which are proportional to the activation energy and the entropy
of activation, respectively, can be determined by linear fitting the
measured value of In(kTkt/h) to 1/Tx as shown in Fig. 4. The calcu-
lated values of AHpo/R and ASpo/R are given in Table 2(a) and (b)
and can be used to calculate the relaxation time using Eq. (11).
The theoretical models for the relaxation times that were calculated

(11)

with the values of AHp,o/R and AS,o/R from the fitting are
also shown in Fig. 4 and show good agreement with the measured
data.

Finally, we suggest that the conductivity, op, has a linear depen-
dence with temperature as is characteristic of ionic solutions:

GP(T) = O-p(TSfTP) + ﬁrrp(T - Tsap)~,

where f5, is the derivative of conductivity with respect to tempera-
ture, which is also called the conductivity temperature coefficient,
and op(Tssp) is the value of conductivity at an arbitrary starting tem-
perature, T4, that is taken from the measured range.

The values of ¢, and ., can be determined by fitting the theo-
retical model (12) to the measured data shown in Fig. 5. This fitting
was performed separately for the thawed and frozen soil samples.
The theoretical models for the conductivity that were calculated
with the values of ¢, and S, from the fitting are also shown in
Fig. 5 and agree well with the measured data. The values of o,
and f,p that are derived from the fitting are given in
Table 2(a) and (b).

As a result of the analyses conducted in this section, the TD
MRSDM can be defined by the following steps, which form the
algorithm procedure.

(12)

1. The temperature, T, must be assigned in cases of thawed or fro-
zen soil.

2. The values of the Debye parameters, including the low fre-
quency limit, relaxation time, and conductivity, for all types of
soil water are calculated with Eqs. (10)-(12) and the data in
Table 2(a) and (b).

3. Once the values of &gpo(T), Tpo(T), and a,(T) are known, the
values of the dielectric constant, &p(f, T), and the loss factor
&"5(f, T) for all components of the soil water can be calculated
as a function of frequency at a given temperature using the
equations in (5).
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Fig. 6. Behavior of the reduced (a) RI, (n; — 1)/pg, and (b) NAC, x/p4, vs. temperature with varying values of gravimetric moisture at a frequency of 1.4 GHz. The measured and

predicted data are shown with symbols and dashed lines, respectively.

4. The values of ¢,(f, T) and &",(f, T) are translated to the RI, n,, and
the NAC, x,, for all of the components of the soil water using the
equations in (4).

5. The gravimetric soil moisture, my, and the dry soil bulk density,
pq4, must be assigned, and Egs. (2), (3), (8) and (9) are applied to
calculate the soil RI, ny(pq4, mg, f, T), and the NAC, ky(pq4, mg, f, T)
accounting for bias currents.

6. Finally, the values of nypq4, mg, f, T) and s(pg, Mg, f, T) are trans-
lated to the soil dielectric constant, &'s(pq4, Mg, f, T), and the loss
factor, &' pq, mg, f, T), with Eqgs. (6)-(8), respectively, using the
values of the specific conductivities from Table 2(a) and (b).

In the following section, the TD MRSDM that was developed for
an organic soil will be evaluated in terms of the prediction error by
correlating the predicted moist soil dielectric data with measured
data in the multidimensional domain of dry soil density, tempera-
ture, frequency, and moisture.

6. Evaluation of the TD MRSDM

Fig. 6 shows the values predicted with the TD MRSDM and the
values measured at a frequency of 1.4 GHz as a function of tem-
perature for samples with varying moistures and dry soil densities.
The predicted and measured values agree well with each other. To
estimate the deviations of the predicted CDC values from the mea-
sured values across the entire range of measured dry densities,
moistures, temperatures, and frequencies, we calculated the coeffi-
cient of determination for the DC, R?;, and the LF, R2,.. Their values
were found to be R?, =0.997 and R, = 0.991. The RMSEs of the
predicted values relative to the measured values were
RMSE, = 0.348 and RMSE, = 0.188 for the DC and LF, respectively.

7. Conclusions

A temperature-dependent multi-relaxation spectroscopic
dielectric model was developed for an organic-rich soil that was
collected from a grassy moss tundra site located on the Yamal
Peninsula, Russian Federation. The model is presented as an
ensemble of analytical expressions and gives the complex dielec-
tric constants of the thawed and frozen soil using the dry soil den-
sity, gravimetric moisture, temperature, and wave frequency as
input variables. The validation of this model demonstrates good
agreement with the measured data for frequencies from 0.05 to
15 GHz, gravimetric moistures from 0.03 to 0.55 g/g, and tempera-
tures from —30 °C to +25 °C with dry soil densities of 0.72 to 0.87 g/

cm®. With such wide variations of all of the input variables, the
coefficients of determination for the dielectric constant, R?,, and
the loss factor, R%.» were found to be R?, = 0.997 and R?. = 0.991.
The RMSEs of the predicted values of the dielectric constant and
the loss factor relative to the measured values were
RMSE, = 0.348 and RMSE, = 0.188, respectively.

These error estimates are less than those in the model of
Mironov and Fomin (2009), which is successfully used in the
operational algorithm of SMOS to retrieve soil moisture (Mialon
et al., 2015). Therefore, the model is acceptable for practical use
to develop remote sensing algorithms that are pertinent to the
Arctic regions provided that the topsoil of the area being analyzed
is predominantly composed of organic soil. Although this model is
entirely based on laboratory experiments, it can consider the full
range of observed soil moistures and temperatures. Nevertheless,
in real environmental conditions, a more general soil dielectric
model that also accounts for a wide variety of organic, mineral
and mixed composition Arctic soil types is needed. The model pro-
posed in this study will be a component of such a generalized
dielectric model. Generalized dielectric models that are applicable
to a variety of thawed mineral soils present in the natural environ-
ment of temperate zones have been developed (Dobson et al.,
1985; Mironov and Fomin, 2009), and their applicability for use
in moisture retrieval algorithms under real environmental condi-
tions was recently confirmed (Mialon et al., 2015).

A major advantage of the proposed dielectric model compared
to the previous single-relaxation model of Mironov et al. (2010a)
is that it covers a wider frequency band of 0.05-15 GHz instead
of 1 to 16 GHz, which was made possible by taking into account
multiple relaxations of the different soil water components. In
addition, a realistic soil freezing temperature of —1°C was
attained in a freezing run instead of a depressed soil freezing
temperature of —7 °C that was inherent to the model of Mironov
et al. (2010a).

This model forms the basis for developing data processing
algorithms for modern remote sensing missions, such as AQUA,
GCOM-W, SMOS, SMAP, RADARSAT, and ALOS PALSAR, as well as
for perspective P-band sensors, for which the depth of sensing is
expected to increase. In addition, it facilitates the application of
GPR and TDR instruments, which operate in the megahertz band,
to interpret the results of in situ measurements of the active
permafrost layer, including studies of freeze/thaw processes.
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