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Abstract— In this paper, a monofrequent dielectric model for mist soils taking into

account dependences on the temperature and textures proposed, in the case of
electromagnetic frequency equal to 1.4 GHz. The ppwsed model is deduced from a more
general model proposed by Mironov and Fomin (2009hat provides estimations of the
complex dielectric constant (CDC) of moist soils aa function of frequency, temperature,

moisture and texture of soils. The latter employshe physical laws of Debye, Clausius-
Mossotii, and the law of ion conductance to calcuta the CDC of water solutions in the soil.
The parameters of the respective physical laws werdetermined by using the CDCs of
moist soils measured by Curtis et al. (1995) for avide ensemble of soil textures (clay
content from O to 76%), moistures (from drying at D5°C to nearly saturation),

temperatures (10 — 40°C), and frequencies (0.3 - .B6GHz). This model has standard
deviations of calculated CDCs from the measured vaés equal to 1.9 and 1.3 for the real
and imaginary parts of CDC, respectively. In the mdel proposed in this paper, the
respective standard deviations were decreased toehvalues of 0.87 and 0.26. In addition,
the equations to calculate the complex dielectriconstant as a function of moisture,
temperature, and texture were represented in a simp form of the refractive mixing

dielectric model, which is commonly used in the atyithms of radiometric and radar

remote sensing to retrieve moisture in the soil.

I. INTRODUCTION
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For retrieving correct soil moisture with the udettte brightness temperature measured by
the SMOS at frequency of 1.4 GHz, we need sucleleatric model of moist soils which takes
into account the dependence of the complex diétecanstant (CDC) of soil not only on the
moisture, but also on temperature and texture. eédtlyr, the algorithm for retrieving soil
moisture from the SMOS measurements uses the ttielewdel by Dobson [1], which does not
account for the temperature dependence. Meanwlake, follows from the dielectric
measurements of [2]-[4], the variations of the reait of the complex dielectric constant can
reach 10-15%, with temperature changing in theedngm 5 to 40 °C. Except for [5], there are
no published dielectric models accounting for terapge dependence at the frequency of 1.4
GHz.

The dielectric model of [5] provides for predict®omof the CDC as a function of four
variables, namely, wave frequency, moisture andp&ature of the soil, as well as the
percentage of clay in the soil texture. A physmadjin of this model is based on the following.
By using the GRMDM [6] and dielectric data measuddifferent temperatures for an
individual type of the soil, there were determiried following parameters and their temperature
dependences: 1) CDC of dry soil, 2) maximum fractid bound water that can be adsorbed by
soil (see [6]), 3) the parameters of dielectriaxakion spectrum by Debye, namely, the values of
dielectric constant in the low and high frequengyits, time of relaxation, and 4) ohmic
conductivity. At that, all the values were deriveebarately for bound and free water in soil.
Further in [5], by using the procedure outlined[4d, [7], the formulas of physical laws by
Clausiuss-Mossotii, Debye, and ion conductance wered for regression analyses of the
mentioned above parameters as a function of teryseraAs a result, for each individual soil, a
set of thermodynamic parameters were derived, narhgthe volumetric expansion coefficient,
2) energy of activation, 3) entropy of activatidiis procedure was applied with respect to the
ensemble of soils having different clay percentagtheir texture. In [5], for this purpose, the

measured in [2] CDC spectra were employed. Thenebigeof them covers the temperatures of
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10, 20, 30, and 40°C, contents of clay in soilusxtfrom 0 to 0.76 cficm®, and frequencies
from 0.03 to 26.5 GHz.

Finally, the totality of parameters in the model[6f consisted of 1) CDC of dry soil, 2)
maximum fraction of bound water, 3) low and highguency limits of dielectric constant, 4)
ohmic conductivities at the temperature of 20 °¢,v8lumetric expansion coefficients, 6)
energies of activation, 7) entropies of activati@nd 8) temperature coefficients of ion
conductance, as derived separately for the bouddrae water in the soil. In [5], all the above
mentioned parameters were expressed with the uselyfomial functions as a function of clay
content in soil texture. This methodology involvesly an implicit consideration of soll
mineralogy by a single parameter, namely the cantértlay fraction in the soil texture, but
within the mineralogical diversity of soils inclutlén the dielectric data base of [2].

The model developed in such a way was validatg8]iby correlating the calculated CDCs
with those measured in the whole range of moisfuday contents, frequencies, and
temperatures involved in the measurements of [&]sown in [5], [6], in the case of model [5],
the standard deviation of calculated and measu@@<sCfrom each other was substantially
smaller then that of the model in [1].

According to [9], the dielectric model [5], due wmaller error in CDC predictions,
demonstrated a substantially smaller error whenetigl the brightness temperature [9], as
compared with the dielectric model [1]. Currentlye model of [5] has been implemented in the
prototype algorithm of the SMOS mission for remsémsing of soil moisture, and, currently, it
undergoes tests in a routine mode. However, asfsamnits description above, the model of [5]
has a complex structure, which to a certain extanpers its practical usage.

In this paper, the dielectric model of [5] was certed into a simple form of the refractive
mixing dielectric model of moist soils, which prdes for the CDC dependence on moisture,
temperature and clay content in soil texture asthgle frequency of 1.4 GHz. As a result, it has

become convenient for practical use, simultaneouethining the ability of model [5] to account
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for temperature dependence, which is a substaadighntage over the widely used models [1]
and [10]. Moreover, in terms of error of the CDghictions, it was shown that the proposed

model has the same accuracy as the model [5] has.

Il. THE MONOFREQUENT TEMPERATURE AND TEXTURE DEPENDENT SOIL
DIELECTRIC MODEL
In accordance with the GRMDM proposed in [6], tealrpart of CDC,,, and imaginary

159

part of CDC as a function of volumetric moistuM, can be represented in the form of:

R 2 . 2n, (1)

n, n 1W, W W

n, 2)
ngZ. n,b, 1 W n 1WW, W W,

u

g oW, W W
e W W W, W,

3)
wherens, ny, ,h,, Ny, and s, 4, b o are the values of refractive index and normalized
attenuation coefficient for moist soil, dry soilpund soil water, and free soil water. The
normalized attenuation coefficient is understoocklas a proportion of the standard attenuation
coefficient to the free space propagation constdhis a value of the maximum bound water
fraction in a given type of the soil. Using the rebdroposed in [5], we calculated the GRMDM
parametersy,, p, Ny, o at the frequency of 1.4 GHz as a function of greatric clay contents,
C, equal to 0, 10, 20, 30, 40, 50, 60, 70 % and&gatures, T, equal to 10, 20, 30 and 40°C.
Then, the calculated data were fitted as a funatioclay content, with the temperatures being a
parameter. For this purpose, second order polynsrﬁfé\=Ai('I',-)+Bli('I'j)C+BZi(T,-)Cz, where
used. Heref @ denotes any of the GRMDM parametef&=fi,, ni, b, o), and the subscriptof
the polynomial coefficients takes the respectiveMER/A parameter designation, that is, ny,

N b u TjiS & soil temperature. The obtained values of mtyial coefficientsA(T;), BL(T;),

B2(T;) for all the GRMDM parameters were fitted as a tiorcof temperature by using a first or
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second order polynomials. Parameterd\gfng and 4 were assumed to be independent of the
temperature, and their dependences on clay conmt taken from [5]. As a result, we came
up with the following formulas for the GRMDM paratees in equations (1)-(3) as a function of

clay content and temperature:

W=0.0286+0.0030C; (4)
ng =1.634-0.0053€+2.75-10°C%; (5)
ks=0.0395-4.038-1¢C; (6)
np=(8.86+0.0032T)+(-0.0644+7.96-16T)C+(2.97-10*-9.6-10°T)C?; 7)

=(0.738-0.00903+8.57-10°T 3)+( -0.00215+1.47- 11 C+(7.36-10-
-1.03-10°T+1.05-10° THC?; (8)
n.=(10.3-0.0173)+(6.5-10°+8.82-10°T)C+(-6.34-1(°-6.32-10'T)C?; (9)
=(0.7-0.017T+1.78-10* T?+( 0.0161+7.25-16T)C+(-1.46-10*-
-6.03-10°T-7.87-10°T 3 C2. (10)
The ensemble of equations (1)-(10) represents ¢leldped dielectric model, with the input
parameters being expressed in the following uciesy content, , in %, temperaturel, in °C,

and moistureW, in cnt/ e,

[Il. VALIDATION OF THE MONOFREQUENT MODEL PREDICTIONS OVER DIELECTRIC DATA

Using available in the literature [2], [10] dielgct data and the results of our own
measurements of the CDCs at 1.4 GHz, we estimatiadive to measured data the error of
calculations of the CDCs by using the monofrequeadel. In addition, we tested the deviations
between the CDCs calculated with proposed modetherone hand, and the ones obtained by
using the model of [5] on the other hand. At thnag, chose the soils with 1) low clay content, 2)
middle clay content, and 3) maximum clay content.ofder to supplement the missing in
literature data, we carried out own measurementth®fCDCs with the soils collected near

Bordeaux and Toulouse, France. In terms of textine soils measured by the authors were 1)
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sand (0% clay, 100% sand, and the bulk density&8 &/cr), 2) a loamy soil (17% clay, 36%
sand, and the bulk density of 1.4 gfcrand 3) a clay loamy soil (34% clay, 29% sand, ted
bulk density of 1.3 g/cf. Our dielectric measurements were performed usingaveguide
technique at the frequency of 1.4 GHz and the teatpees of 22°C £1°C. The soil samples
were placed in a segment of the waveguide, whicleseas a measuring container. The CDCs
of the samples were determined using the Nicol&wss and Weir method (NRW) [11], [12]
adapted to a rectangular waveguide.

Fig. 1 shows the measured and calculated valuesabfand imaginary parts of CDC as a
function of volumetric moisture at room temperat(#@ to 24°C) for the soils with varying clay
content. The following soil types are analyzed:s@)d (SP) light gray (C=0%), sand (SP) white
(C=0%), data of [2]; Yuma sand (C=0%), data of [H3jnd (C=0%), data of own measurements;
(b) clay (CH) gray (C=34%), data of [2]; clay loarsgil (C=34%), data of own measurements;
(c) Miller clay (C=62%), data of [10], clay (CH)glt gray (C=76%), data of [2]. As seen from
the Fig. 1, the experimental data of different atghcorrelate well with each other and with the
dielectric calculations obtained by using the maxfdb] and the proposed monofrequent model.
In Fig. 1, the dielectric calculations obtained using the model of [5] and the monofrequent
model are also very close to each other, so thatsame cases they are graphically
indistinguishable from each other.

Next, we compared with each other dependencies@ELon the temperature at fixed
moistures, that were calculated by using the prega@sonofrequent model and the model of [5],
on the one hand, and the ones that were eitherurezhby the authors or taken from [2], on the
other hand. In Fig. 2 are shown at fixed moistiuhesCDCs as a function of temperature (5 to
40°C) for different soil types: 1) sand (SP) whi@=0%), data of [2]; 2) loamy soil (C=17%),
data of own measurements; 3) sandy clay loam (C32Bf#& of own measurements; and 4) clay
(CH) gray (C=34%), data of [2]. As seen from thg.R, the experimental data well correlated

with the calculations performed by using the model[5] or the monofrequent model. In
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addition, the estimates obtained by using differantlels deviate from each other of maximum

3%, that occurs only in the case of greater mastuV 0.5.

IV. ERROR ESTIMATION

To estimate an error of the proposed model we lede@ the dielectric data taken from [2],
[10] as well as the data measured by the authatis,tire results of calculations made by using
the model of [5] and the proposed model. In thigadation analysis are used only the dielectric
data shown in Figs. 1 and 2. In Fig. 3 are shovwenctiiculated CDCs of the analyzed soils as a
function of respective measured CDCs. The valuesoofelation coefficients for the real, R
and imaginary, R, parts of CDC, alongside with their standard dimes, SD-and SD-, as well
as the equations of linear regression, are givéawbe

1) model of [5]: R=0.996, R=0.993; SD=0.83, SD=0.25; 'ca= -0.12+0.98'neas "caF
0.04+0.99 " eas

2) proposed monofrequent model: R.996, R-=0.992; SD=0.87, SD-=0.26; 'caF -
0.24+1.00'meas "ca= 0.07+0.99 " meas
As seen from this analysis, the errors of CDCemmis of standard deviation, obtained by using
the model of [5] or monofrequent model are veryselto each other. It is also worth noting that
the error of calculated CDCs, relative to the meagwnes, are of the same order as the error of
dielectric measurements is.

V. CONCLUSION

A simple temperature and texture dependent moist dselectric model at the SMOS
frequency of 1.4 GHz is proposed based on the madeetloped in [5]. The proposed model
provides for predictions of the real and imaginpayts of CDC of moist soils with error of 0.83
and 0.25, respectively, in terms of their standidiations with respect to the measured values.
As was shown in [13], in the case of using the rhadd5], the dielectric model error causes

uncertainties in the quantitative determinatiorsaf moisture from the SMOS data which lie in
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the range +0.06 ciftm®, in terms of 95% confidence interval. As was shamsection 1V, the
errors of the monofrequent model and the model5pfafe equal to each other. Hence the
estimate of uncertainties obtained in [13] for sting moisture is valid for the proposed model.

Concerning the influence of the soils mineralogyshiould be stated that the dielectric data
base of [2] consists of the soils containing thikoWwing minerals: quartz (from 0 to 100%),
smectite clays (from O to 80%), K-feldspar (fromio023%), dolomite (from 0 to 21%), as well
as the traces of such mineral components as caN#eplagioclase, mica, and cristobalite.
Therefore, it is unreasonable to apply the propasedel to calculate the CDCs of the soils
containing mineral components other then those cising the data base of [2], in particular the
kaolinites, sulfate hydrates, and zeolites. In @aidj it should be noted that the proposed model
has not been validated regarding the organic mchsaline soils.

The range of bulk density of soils, for which theogosed monofrequent model can be
applied, must correspond to the density of thesswil[2]. Unfortunately, the values of bulk
densities are not explicitly given in [2]. Nevelss, they were estimated to fall in the range
from 0.9 g/cmi to 1.65 g/cr, with using the relationships between the refuacthdex of dry
soil and its bulk density, by the formulas from J[1Bor this purpose, were employed the data
given in [8] and [15] for refractive indexes of lisoand minerals comprising soils. Finally, it
should be noted that a simple and clear structiitheoformulas in proposed model is its major

advantage over the model of [5]. At that, the er@frboth models are equal to each other.
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Captions to Figures

Fig. 1. Measured and calculated complex dielecwitstant, = '+i ", for the soils with different
clay content at room temperature (20°C): G50%, (b) C= 34%, and (c)C= 62 and 76%.
Measured data are taken from [2, 10] and obtaingdhle authors (own meas). Dielectric
calculations with the model of [5] and monofrequemtdel are given with solid and dashed

lines, respectively.

Fig. 2. Measured and calculated complex dielectanstant as a function of temperature for
soils with different clay conten€, and soil moistureW: (a) C=0% , (b)C=34%, (c)C= 17%

and 25%. Measured data are taken from [2] and réddaby the authors. Dielectric calculations
with the model of [5] and monofrequent model areegi with solid and dashed lines,

respectively.

Fig. 3. Correlation of the measured real part,(a) and imaginary part,, (b) of complex
dielectric constant (CDC) with the calculations srabtained by using the model of [5] and

monofrequent model, respectively.

11
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Fig. 1c
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Fig. 2a
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Fig. 2b
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Fig. 2c
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Fig. 3a
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