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CHAPTER I

INTRODUCTION

Over the past three decades, microwave remote sensing
has evolved into an important tool for monitoring the
atmosphere and surface of planetary objects, with special
emphasis on observation of the planet earth. The term
"microwave remote sensing" encompasses the physics of
radiowave propagation in and their interaction with material
media. This may also include surface and volume scattering
ahd emission techniques used for desiQning microwave
sensors and processing the data they acquire, and the
translation of the measured data into information about the
temporal or spatial variation of atmospheric, surface and
medium parameters or properties.

Microwave sensors can be of two types:

(1) Active sensors are those that provide their own source
of illumination and therefore contain a transmitter and

a receiver.

(2) Passive sensors are simply receivers that measure the
radiation emanating from the scene under observation.
_Active microwave sensors include radar imagers,
scatterometers and altimeters. Passive microwave

sensors and often referred to as microwave radiometers.



S8ignificance of soil moisture content studies:

Soil moisture plays a vital role in the functioning of
ecosystems and in mass and energy exchange processes
occurring at the 1land-atmosphere interface. Thus,
knowledge of the temporal and spatial variations of soil
moistﬁre is an important input to predictive models and
managemeht policies in disciplines like hydrology,
agriculture ahd climatology.

Soil moisture 1is a critical parameter that determines
the partitioning of heat and moisture atmospheric forcing
at the 1land surface boundary. Moreover, soil moisture
content 1is an important parameter is many industrial and
mining processes as well as for understanding the global

hydrologic cycle and its effect on weather and climate.

Microwaves and their relevance in the study of soil'moisture
content:

Microwaves refer to electromagnetic radiation of
frequencies ranging from several hundred MHz to several
hundred GHz. Microwaves have been put to various uses
depending mainly upon the.selected‘frequency range. Some of
the practical applications are:

(a) Microwave oven at around 2.4 GHZ.



(b) Microwave relay telephoné at arround 4.0 GHZ.

(c) Satellite television at around 4 GHZ (down link).

(d) Satellite television at around 6 GHZ (uplink).

(e) Police radar at around 22 GHZ.

An important characteristic of microwave signals that
makes them so uniVersally applicable is that they can
propagate through the ionosphere with minimum loss (water
vapor, ozone, and oxygen absorb microwaves of certain
frequencies).

On the other hand at frequencies below the microwave
range, - e.m. radiation is reflected back by the ionosphere.
This property makes microwaves most suited for spacebound
communications as well as satellite remote sensing.

Failure of soil moisture studies in non-microwave
regions is due to the following reasons:

(a) The reflection co-efficient is less sensitive to soil
moisture variations in the visible region compared to
its ‘equivalent parameters 1like reflectivity and
emissivity in other regions of the e.m. spectrun.

(b) Atmospheric scattering and attenuation (which is
extremely difficult to accurately account for) are

higher.



(c) Reflection coefficient is highly sensitive to soil
surface roughness, feature and vegetation cover
variation.

Most of these difficulties are either overcome or
simplified in the microwave region. The atmosphere is
almost completely transparent to microwaves. Besides, they
can penetrate deep into the soils and multi-frequency and
multi-polarization approaches are possible. Through various
field and aircraft experiments, it has been demonstrated
that the proper choice of frequency, look-angle and
polarization minimizes the effect of surface roughness.

Microwave sensors offer the potential for remote
sensing of soil moisture because of the large change' the
addition of water makes to the dielectric constant of dry
soil (cf: Dobson ét al., 1985; Jackson et al., 1989; and
others).

The dielectric constant of water is approx. 80 compared
with 3 to 5 for dry soil. This large dielectric constant of
liquid water is due to the alignment of the electric dipole
moments of water moleéules in response to an applied field.
Dielectric constant of soil therefore increases with its
moisture content. The sensitivity of microwave response to
soil moisture variation coupled with the relative

transparency of the atmosphere (< 90%) towards microwaves



make microwave sensors well suited for remote sensing of
soil.
THE PRESENT WORK.

The diversity of a country so vast as India is
reflected in its 1landscape, and climatic conditions. Such
divergent physiographic conditions are also reflective in
the evolution of different types of soil and vegetation in
its different parts.

Nature of soil and its .properties like soil depth,
texture, organic matter content and mineralogical
composition control its water holding capacity which is of
utmost importance for plant 1life. As haé already been
discussed, soil moisture information is important for the
agricultural écientist, the remote sensing‘scientist, the
geologist and the meteorologist. Much work has already been
done abroad on soil moisture studies through dielectric
constant measurements. In India, however, this kind of work
needs to make a lot of headway.

Dielectric Constant of soil 1is dependent upon the
microwave frequency, temperature, salinity, relative
fraction of bound and free water, bulk density, shape and
size of soil particles, etc.

In the present work, dielectric paraheters of soil

samples collected from different regions of India have been



measured at different moisture contents at KU band
frequencies (around 15 GHz). The measurements have been
carried out by two different methods, viz. The wave guide
method involving two point solution of a transcendental
equation, and the single horn reflectometry method.
Effects of soil texture on such measurements if any has also
been 1looked into. Parameters 1like field capacity and
wilting point useful to agricultural scientists have also
been calculated.

The purpose of this work is to prepare a data bank on
Indian soils and to prepare the groundwork for future field
investigations. The present work, it is believed, will be
of utility to Dboth remote sensing scientists and

agricultural scientists.



CHAPTER II

THEORETICAL BACKGROUND

Importance of Dielectric Constant Measurements:

Dielectric studies of material has been a powerful tool
in assessing vthe structure and behaviour of molecular
materials (Von Hippel, 1961). The response of a material to
an applied electromagnetic field 1is determined by the
electrical and magnetic properties of the medium. For a
non-magnetic systemn, the significant property which
determines the impedance offered to the incident wave is the

dielectric constant of the medium. ‘If the medium is lossy,

energy 1is absorbed as the radiation penetrates the
material. The amplitude of the wave decreases, 1i.e.,
attenuation occurs as energy 1is absorbed. This 1is

accompanied by a shift in phase. The attenuation and phase
shift are dependent on the dielectric properties of the
medium characterized by the complex permittivity of the
medium denoted as, €'-je". (Here, €' 1is the real
permittivity, the dielectric constant of an equivaleﬁt
lossless dielectric and €" is the loss factor). The complex
permittivity is frequency dependent.

The Debye Theory:

The present understanding of the dielectric properties



of materials is based mostly on the Debye theory (Smyth,
1955; Bottcher, 195i), of relaxing dipole- interacting with
an applied electric field. Early work showed that a set of
exactly equivalent, non-interacting dipoles characterized by
a single relaxation time T adequately explained the
behaviour of weak dipolar solutions or dipolar molecules in
the gaseous bhase, but was insufficient to account for the
broader frequency range over which dispersion was observed
in solids and liquids in the frequency range below -1010 yz.
This difficulty was circumvented by a consideration of
'distribution of relaxation times, .like Cole-Cole,
Fuoss-Kirkwood, Cole-~Davidson and William-Watts treatments
(Hill, et.al., 1969; Bottcher, et.al., 1978), applied to the
case of more interactive media. Such approaches involve
interpretatioﬁ of the experimental measurements in terms of
degree of fit to empirical functions. An enpirical
characterization of loss in solids and liquids was proposed
by Jonscher (1977) and a more generalised expreésion was
proposed by R.M.Hill (1978). The various types of
dielectric response has been summarised by Ngai et
at.,(1979). At one extreme is the case of non-interacting
system characterized by Debye behaviour. Increasing nearest
neighbour interaction lead to behaviour as postulated by

Cole and Cole or Cole and -Davidson. (Hill et al., 1969;.



Bottcher et al., 1978). Finally, as the interactions tend to
be more complicated as in the case of solids and solid like
substances, universal dielectric response suggested by
Jonscher (1977) seems to be applicable.

The Debye Equation

When a system of dipolar molecules is placed in a
static field, the polarization will be in equilibrium with
the field. If the field is alternating at low frequencies,
the polarization will still be in phase with the electric
field. If the frequency is sufficiently 1large 'the
polarization will lag behind the applied field leading to
absorption of energy and fall in permittivity. It was
assumed that if there is a polarization in the absence of an
electric field, due to the. occurrence of a field in- the
past, the decrease of the orientation polarization depends
only on the value of the orientation polarization at that
instant. Assuming the rate of change of polarization to be
propoétional to the polarization, the differential equation
for the orientation polarization in the absence of an

electric field is

---------- = - Por(®) cee (2.1)



Where 71 is the constant of proportionality which has
dimensions of a reciprocal time. The solution of eq. (2.1)
leads to an exponential form

Poy(t) = Po, (0) e /T el (2.2)
. In the reverse situafion when the polarization is built up
due to applicatibn of a constant external field

Por(t) = P () {1-e”t/Z) ee. (2.3)
The total polarization P; in a static field E may be divided
into two parts.

Py = Pgy+ Poy- ee. (2.4)
Where P_,. indicates thg part of P, due to dipole orientation
and P, the pért due to the polarizability of the particles.
Néglecting the time required to establish P relative to the
time required to build up P,., we may considet Poy, to be
built up in the time in which P, changes to Pg. The
electric displécement D is related to the applied electric
field E. and polarization P by,

D = E + 4xP ... (2.5)
Since, in the static case Dy = €cE where €4 is the static
permittivity of ghe medium,

P = —=mommmmo E ... (2.6)
4X
Similarly, the refractive index n“,is defined in terms of Py

as

10



p = e ——— E (2.7)

The theory of dielectric relaxation is based on the
assumption that eq (2.3) is also valid for an alternating
field. Representing the alternating field by E(t), eq.

(2.4) with the help of eq. (2.6) and (2.7) becomes

P R . E(t) - -------—- E(t) ... (2.8)

If the field is alternating with a frequency it can be
represented by

E(t) = Eoéj"’t ce. (2.9)
The differential equaﬁion for the build up of polarization

would then become
Juwt

AP () _ €~ 6, P
i { s E,e - P, (t)} ce. (2.10)

The general solution of this equation is

Ny 1 €. - €
Pop(t) = Ce /T4 ———v ----=-- E5 e
4x 1 + jwt

e (2.11)

The first term on the right hand side will decrease to an
infinitely small value after some time and therefore, can be

neglected. Thus the total polarization is,

Pz 'Po,.(t)

{ ' “J“}E e’ ce. (2.12)

11



Thus, P is a sinusoidal function of time with the same
frequency as that of the applied field but lagging in phase
with respect to E. Eq. (2.5) can be generalized for

alternating fields. It then leads to

a—

D = E + 4%7?

€ jwt
= Es” Cn. e
{éoo‘f' 11 w‘C}E ce. (2.13)
Expressing the complex dlsplacement D as D = ¥ x E,
the complex permittivity e*(w) is given by
* i €s T € :
€ (W) = e€'-Je'" = € + ———=———- ee. (2.14)
1 + jwT
Which leads to
! + é;“éoo
E = €, 1 + wizt ...(2.15a)
and
y (es-é,)w?:
= 2 _2 ...{(2.15b)
1 + w' T _

Accdrding to equations (2.15), €' will decrease from €g to €
whereas €" will becpme maximum-at wZ = 1. A plot of €' and
€" against log w would be symmetrical. A method for checking
eq. (2.15) was proposed by Cole and Cole. From egs. (2.15),
it is evident that a plot of €" vs €' should be a
semi-circle with radius (eg-¢,)/2, and centre beeing on-the

abscissa at a distance of (eg-€,)/2 from the origin.

Departure from Debye Behaviour

12



Although egs. (2.15) gives an adequate description of
the behaviour of orientation polarization for a large number
of condensed systems, for many other systems marked
deviations occur; This is evident from the occurrence of
more than one maximum in €" as a function of frequency. The
deviations occur due to a distribution of relaxation times
either distinct from each other or closely spaced such that
they are not directly evident. Cole-Cole sﬁggested the
following empirical modifications to eq. (2.14).

€ (W) =€+ —=—=—==——- ... (2.16)
(1+jug) 1R
This leads to a depressed semicircular arc plot of €"
against €'. The factor h being related to the depression of
the centre from the €' axis. Another generalized expression

was given by Davidson and Cole

(1+jwz)B
" The Cole-Cole plot for the above equation is asymmetric
and 1is often called a skewed arc. At low frequencies the
plot cuts the €' axis perpendicularly, whereas, on the high
frequency side at an angle XB/2. The maximum of €"(w) is
" found for a value of w >z?1. Some of the descriptions of

relaxation behaviour have been proposed for experimentally

13



measurable function other than e*(w). Expressions for loss
factor €"(wWw) were -suggested by Fuoss and Kirkwood, and
Jonscher, and for the step response function waé proposed by
Williams and Watts. Bottcher and Bordewijk (1978) and Hill
et al. (1969) have given a detailed description of the
various function proposed for explaining the departure from
Debye behaviour.

Properties of Soil and its Relationship with Water:

Soil is the weathered and fragmented outer layer of the
earth's surface, formed from disintegration and
decompositioh of rocks by physical and chemical processes,
and influenced by the activity and accumulated residues of
innumerous biologidal species. A typical characteristic of
soil which plays an important role in determining the nature
of its interaction with water is its very large interfacial
area per unit volume. This is‘due to the fact that soil is
a heterogeneous, polyphasic, particulated, disperse and
porous systen.

Three Phases of the Soil System

Like ordinary water the soil system also exhibits three
phases, viz, the solid phase, consisting of soil particles;
the liquid phase, consisting of soil water and along with it
dissolved substances; and lasﬁly the gaseous phase

consisting of soil air.

14



Soil is thus an exceedingly complex system. The solid
matrix of the soil system consists of particles differing in
chemical and mineralogical composition as well as in size,
éhape and orientation. The mutual arrangement of these
particles determines the characteristics of the pore spaces
in which water and air are transmitted or retained.

S80il Texture

The texture of a soil is determined by the size or size
range of the particles. 1In other words, soil ﬁexture is the
relative proportion of various sizes of particles present in
it. Traditionally, soil is divided into 3 particle size
ranges: Sand, silt and clay. Although a number of soil
classification schemes are in use, for the present work, we
shall follow the U.Ss. vDepartment of Agricultufe
classifications (Fig 2:1):

Sand : d> 0.05 mm

Silt : 0.002 <d <0.05 mm

Clay : d< 0.002 mm
Here “d" refers to the particle diameter. Soils having
different compositions of the three basic particles sand,
silt and clay are assigned different groupings as shown in
(Fig.2.2)

Porosity

Soil porosity (P) is defined as P=V¢/Vy where "V is

15
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the volume of pores and “V¢' is the total volume of soil.
The value of P varies between 0.3 - 0.6 (30-60%).

Coarse textured soils have less porosity than fine
textured soils in spite of the fact that the mean dimension
of individual pores is greater for coarse textured soils.
The term porosity, thus refers td the volume fraction of
pores.

The Clay fraction and its characteristic properties

The clay fraction of soil has the 1largest specific
surface area amongst the other fraction (viz., silt and
sand) and hence, it actively ©participates in all
physico-chemical processes undergone by the soil systen.
Due to its inherent property clay absofbs water and causes
the soil to swell and shrink upon wetting andvdrying (Grim,
1958). Clay particles are mostly negatively charged and
form an electrostatic double layer with the exchangeable
cations.

The sand and silt particles on the other_ hand are
larger in size and are mineralogically composed mainly of
quartz and other primary mineral particles thch have not
been transformed chemically into secondary minerals as in
the case of clay. Cléy, thus differs texturally as well as

mineralogically from sand and silt.

16



Clay mostly consists of layered alumino silicate
crystals which are composed of two basic structural units
(Grim, 1963; Marshall, 1964: Low, 1968). :

(i) a tetrahedron of oxygen atoms surrohnding a central
cation, usually Si+4, and

(ii) an octahedron of oxygen atoms of hydroxyl groups
surrounding a larger cation, usually al*3 or Mg+2.
The tetrahedra are joined at their basal corners and the
octahedra are joined along their edges by means of shared
oxygen atoms. (Fig. 2.3)

The layered aluminosilicate minerals are of two types
depending on the ratios of tetrahedral to octahedral layers,
whether 1:1 or 2:1. In the 1:1 minerals like Kaolihite, an
octahedral layer is attached by the sharing of oxygen to a
single tetrahedral layer. In the 2:1 minerals like
montmorillonite, it 1is attached in the same way to two
tetrahedral layers, one on each side. The multiple-stacked
composite layer (or unit cells) of this sort, are called
lamellae.

In reality somé isomorphous replacements of Al1*3 for
si*?® in the tetrahedral layers and of Mg+2 for al*3 in the
octahedral layers take place in this idealized structure

leading to internally unbalanced negative charges at

different sites in the lamellae. The incomplete charge

17
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neutralization of terminal atom on lattice edges also
produces unbalanced charge. These charges are balancéd
externally by exchangeable ions (mostly cations),
concentrating near the external suffaces of the particle and
occasionally penetrating into interlamellar spaces. These
cations do not form an integral part of the lattice
structure, and can be replaced, or exchanged, by other
cations. This cation exchange process 1is of utmost
rmportance in the physico-chemistry of soil, as it affects
tthe retention and release of nutrients and salts, and the
flocculation-dispersion processes of soil colloids.

A hydrated clay particle forms a colloidal micelle, in
waich the excess'negative charge of the particle surface and
the neutralizing cation form an electrostatic double layer.
The cation swarm.consists partly of a layer more or less
fixed in the proximity of the particle surface (known as the
Stern layer), and partly of a diffuse distribution extending
sone distance away from the particle surface (fig. 2.4).
This kind of distribution results from an equilibrium
bet'ween two opposing effects; the Coulomb attraction of the
clay particle against the Brownian motion of the 1liquid
moleéuies, inducing outward diffusion of the cations toward
the intermicellar solution. Just as cations are adsorbed

positively toward the ' clay particles, so anions are

18



repelled, or adsorbed negatively( and relegated from the
micellar to thg inter micellar solution. The qguantity of
cations adsorbed on soil-particle surfaces per unit mass of
the soil under chemically neutral conditions 1is nearly
constant and independent of the species of cation, and is
generally known as the cation exchange capacity. Soils vary
in cation exchange capacity from nil to perhaps 0.60 mEq per
gm (Bear, 1955).

Clay minerals differ some what 1in surface charge

density (i.e., the number of exchange sites per unit area of

particle surface), and differ greatly in specific surface
area. Hence, they differ also in  their total
cation-exchange capacity. Montmorillonite with a specific

surface area of neafly 800m2/gm, has a cation-exchange
capacity of about 0.95 mEgq/gm, whereas kaolinite has an
exchange capacity of only 0.04-0.09 mEqg/gm. The dgreater
specificA surface area of montmorillonite is due to its
elatticé expanéion and consequent exposure of internal
(interlamellar) surfaces, which are not so exposed iﬁ the
case of kaolinite. Other clay minerals (eg: illite, micas,
palygorskite) often exhibit properties intermediate between
- those of kaolinite and montmorillonite.

The attraction of a cation to a negatively charged clay

micelle generally increases with increasing valency of the

19



cation. Thus, monovalent cation are replaced more early
than divalent or trivalént cations. | Highly hydrated
cations, which tend to be farther from the surface, are also
more easily replaced than less hydrated ones. The order of
preference of cations in exchange reactions is generally as
follows:

a13* > ca?t > Mg2* >kt > vat > Lit

When confined clay are allowed to absorb water,
swelling pressures develop, which are related to the osmotic
pressure difference between the double layer and the
external solution. Depending upon their state of hydrétion
and the composition of their exchangeable cations, clay
pafticles may either flocculate or disperse. Dispersion
generally occurs with monovalent and highly hydrated cations
(eg., sodium). Conversely, flocculation occurs at high
solute concentrations and/or in the presence of divalent and
trivalent cation (eq., Ca2+, A13+) when the double layer is
compressed and any two micelles can approach each othér more
closely. Thus, the short-range attractive forces (known as
van der Waal's forces) can come into play and join the indi
vidual micelles into flocs.

Water Adsorption on Solid Surface

Adsorption 1is a type of interfacial phenomenon

resulting from the differential forces of attraction or

20



repulsiqn occurring among molecules of different phases at
their contact surfaces. As a result of these cohesive and
adhesive forces, the contact zone may exhibit a
concentration or a density of material different from that
inside the phases them selves.

The interfacial forces of attraction or repulsion
coming into play during adsorption phenomenon may be of
different kinds, viz., electrostatic or ionic (Coulomb)
forces, intermolecular van der Waal's or London forces, and
short range repulsive (Born) forces.

Water adsorption upon solid surfaces is electrostatic
in nature. The polar water molecules attach themselves to
the charged faces of the solids. It is due to adsorption of
water that clay soils exhibit a strong retention capacity of
water. The interaction of the charges of the solid with the
polar water molecules may impart a distinct and rigid
structure in which the water dipoles assume an orientation
dictated by the charge sites on the solids. This adsorbed
layer of water may have mechanical properties of strength
and viscosity different from those of ordinary liquid wat%gﬁa

id

at same temperatures. ﬁ’mawﬂ.%

k]
Some Parameters Connected with Soil Moisture Retention unaem éy

Field Conditions

(1) Field capacity : After a soil has been wetted due to

rain or irrigation there 1is a constant rapid downward

21
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movement of a portion of the water (internal drainage) due
to existence of a hydraulic gradient. After a few days this
movement stops. The presumed water content at which such

internal drainage ceases is known as the field capacity.

(ii) Maximum Retentive Capacity : During the course of a
heavy rain or irrigation the soil might get saturated with
water causing instant downward drainage. This saturation
point with fespect to water is known as the soil's maximum
- retentive capacity.

{iii) Permanent Wilting Percentage : As the soil dries up,
irlants begin to wilt during daytime in the presence of high
temperatures and wind movement. Initially, the plants
regain their vigour at night. A time comes when the rate of
supply of water is so low that the plants remain wilted
right and day. The moisture content of the soil at this
stage is called the permanent wilting percentage.

(iv) Hygroscopic Coefficient : If a soil is kept in an

atmosphere completely saturated with water vapor (98%
rclative humidity), it loses the liquid water held even in
the smallest of micropores. The remaining water remains
associated with soil particle surfaces as adsorbed moisture.
It is held so tightly that much of it is considered non
ligquid and can move only in the vapor phase. The soil
moisture content at this point is known as the hygroscopic

coefficient.
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CHAPTER III

REVIEW OF LITERATURE

Over the past two decades, a number of studies have
been carried out to determine the dielectric behaviour of
soil-water mixtures (Wiebe, i971; Leschanskii et al., 1971;
Poe, 1971; Geiger and Williams, 1972; Hipp, 1974; Hoekstra
and Delaney; 1974; Newton and McClellan, 1975; Davis et al.,
1976; Wobschall, 1977; Wang et al., 1978; Wang, 1980; Wang
and Schmugge, 1980; Shutko and Reutov, 1982; Dobson et al.,
1985; Hallikainen et al., 1985; Jackson and Schmugge, 1989;
Narasimha Rao et al., 1990; Jackson, 1990; Scott and Smith,
1992; Alex and Behari, 1996).

A WET SOIL MEDIUM is a mixture of soil particles, air
voids and liquid water. The liquid water contained in the
soil is usually divided into two fractions : i) bound water
and, 1ii) free wéte;. Bound water refers to the water
molecules contained in the first few molecular layers
surrounding the soil particles; these are tightly held by
the soil particles due to the influence of the matric and
osmotic forces (Baver, L.D. et al., 1977).

Because the matric forces acting on a water molecule
decrease rapidly with distance away from the soil particle

surface, water molecules located several molecular layers
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away from soil particles are able to move within the soil
medium with relative ease, and hence are referred to as
"free", Dividing the water into bound and free fractions
describes only approximately the actual distribution of
water molecules within the soil medium and is based on a
somewhat arbitrary criterion for the transition point~
between bound and free water layers. The amount of water
contéined in the first molecular layer adjoining the soil
particles is directly proportional to the total surface area
of the soil particles contained in a unit volume. The total
surface area of the particles is, in turn, a function of the
soil particle-size distribution and mineralogy. A soil
usually is assigned to a textural class on the basis of its
barticle-size distribution (Leschanskili et al., 1971).
Electromagnetically, a soil medium is a four-component
dielectric mixture consisting of air, bulk soil, bound
water, and free water. Due to the high intensity of the
forces acfing upon it, a bound water molecule interacts with
an incident electromagnetic wave in a manner dissimilar to
that of a free water molecule, thereby exhibiting a
dielectric dispersioh spectrum that is very different from
that of free water. The complex dielectric. constants of
bound water and free water are each a function of the e.m.

frequency f, the physical temperature 'T', and the salinity
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'S'. Soil mixture is, in general, a function of : (i) f, T,
S, (ii) the total volumetric moisture m, (iii) the relative
fractioﬁs of bouhd and free water, which are related to the
soii surface area per unit volume, (iv) the bulk soil
density, (v) the shape of the soil particles, and (vi) the
shape of the water inclusions (Hallikainen et al., 1985).

I. BULK DENSiTY EFFECTS:

Soil moisture content is commonly expressed in
gravimetric or volumetric units. Electromagnetically, the
volumetric unit is preferred pecause the dielectric constant
,of the soil-water mixture is a function of the volume
fraction in the mixture. This preference is evident in the
plot shown in Fig 3.1 and 3.2, in which a greater degree of
scattering about the regression curve is apparent of the

plots of €' and 8" vs m_ than those plotted vs m,, (Lundien,

g
1971; Hallikainen et al., 1985).
II. MOISTURE, TEXTURE AND FREQUENCY DEPENDENCE :

In order to understand the effect of texture on the
dielectric permittivity of soil,.we consider the behaviour
of water as it is added to a dry soil sample. Liquid water
has a high dielectric constant due to the ability of its
molecules to align their dipole moments along an applied

field. Because of this, any phenomenon which hinders

molecular rotation (eg., freezing, very high frequencies,
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tight binding to a soil particle) will reduce the dielectric
constant of water. - The first water molecules which are
added to the soil are tightly bound to the soil particle
surface and contribute only a small increase to the soil's
dielectric constant. With addition of more water beyond
some transition level Wp, the additional molecules (which
are farther away from the particle surface and are free to
rotate) make a larger contribution to the soil's dielectric
constan<t. The surface area of soils depend upon their
texture. Clay soils with larger surface area are able to
hold more of this tightly bound water than sandy soils. As
a result, the transition point Wy, occurs at a higher
moisture level in clay then in sandy soils (Schmugge, 1983).

The above observations are supported closely by
experimental results (Schmugge, 1983; Hallikainen et al.,
1985) . Figs. 3.3, 3.4, 3.5 and 3.6 show the moisture
dependence of dielectric constant at different frequencies.
At each frequency all the curves for ?' and €" have almost
the same intercept at m, = o showing 1little textural
depehdence for dry soils. The plots exhibit the same
general shape but have different curvatures for different
texture types. At any given moisture content and at all
given frequencies, €' was found to be roughly proportional

)

to the sand content. The effect of soil texture was found
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to decrease with frequency. The effect of texture on the
loss factor is more complicated. At 1.4 GHz €" was seen to
increase with soil clay content. At 4.0 to 6.0 GHz, €" is
nearly independent of soil texture at all moisture
conditions. At frequencies of 8.0 GHZ and above, €" was
observed to decrease with soil clay fraction; further more,
the magnitude of this behaviour increases with frequency.

Hoekstra and Delaney (1974) in their studies carried
out measurements of complex dielectric constant of four soil
types in the frequency range o.1 tq 26 GHz. Their results
showing the special variation of €' (soil) is depicted in fig.
3.7. for two volumetric moisture contenté; |

In a later study, Hallikainen and others (1985)
measured €' fér several soil types. A portion of their
results is shown in fig 3.8. It shows dependence of €' .4,
(m,) on frequency. Their measurements were carried out at
23°c. At this temperature the relaxation frequency of water
is 18.6 GHz. It was reported that the real part of the
dielectric constant reduced with increasing frequency.

In a more recent study, Alex and Behari (1996) also
reported that in case of dry soils the dielectric parameters
are not very sensitive to soil texture. However, for wet
soils (m,, > 0.2) the dielectric.barameters are‘significgntly

dependent upon the soil texture. A subset of their results
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are shown in fig 3.9 and 3.10. In the reported frequency
range(0.6 - 1.2 GHz), they found that the fréquency'
variation of the dielectric constant is not significant for
dry soils but quite prominent for wet soils. This clearly-
indicates that this is due to the effect of moisture content
and the corresponding density variation.
ITI. TEMPERATURE DEPENDENCE :

The temperature dependence of €' is shown in fig 3.11
for a clay soil at 10 GHz. It is observed that above 0°C,
€

1 and € exhibit a much weaker dependence on

'séi "soil
frequency compared to their dependence at temperatures below
0°C. The same conclusion was also reached by Poe et al.
(1971) and by Davis et al., (1976). Hallikainen et al.
(1985) also studied the tempefature dependence. Figs.3.12
and 3.13 illustrafé that at temperatures well below freezing

point (0°C), €' and €" exhibit a much weaker dependence on

frequency compared to their dependence at temperatures above

freezing point (0°C). In the absence of 1liquid water,
frozen soil is a mixture of air (permittivity : 1), soil
solids with permittivity approx. 3.15. Henée, in view of

the relative high volumetric water contents of the sample
represented in fig 3.11, one would expect €' of the mixture
to be around 4 at below freezing temperatures. This 1is

consistent with the level of the - 50° C curves.
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