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MEASUREMENTS OF THE· DIELECTRIC PROPERTIES 
OF WET SNOW USIN'G A MICROWAVE TECHNlQUE 

by 

Bruce D. Sweeny and Samuel C. Colbeck 

INTRODUCTION 

Water flow through natural snow covers is directly related to environme_ntal effects of regional 
and local importance. In our work on the mobility of military vehicles and oversnow construction, 
the development of a system_ for quickly an<l eas'ily'determining the liquid water content of wet 
snow is of considerable importance. During times of thaw in temperate and alpine climates~ flood
ing and erosion often result. It is important to be able to predict and control water runoff. In some 
regions, water supplied from snow melt at higher elevations supports agricultural and other economic 
ventures at times of the year when other water sources are· scarce. Furthermore, the wet snow 
avalanch~ and the densifica~ion process· in temperate glacier~ are dependent upon the amount of 
water present in the snow. 

Perhaps the most s_erious problem in describing water flow through snow is the lack or an 
adequate method of measuring the amount of water present in the snow. Several methods of moisture 
measurement are available for soils but measurement of the _liquid water in snow is more difficult 
because of the small amount of liquid present and the difficulty of maintaining thermal equilibrium 
while handling samples. Many existing measurement techniques are unsuited for an accurate and 
reliable measurement of the liquid water in snow because melting is likely to occur during sample 
preparation. Some methods are both insensitive at low saturations and require direct handling of 
the samples. A summary of various techniques used to measure water content _is given here. 

The most direct' and-simple method of liquid measurement is the centrifugal separator. With 
this device a quick determination is made by simply spinning out the water and measuring it 
directly. Significant errors result because not all of the free water can be extracted (Y osida 1967, 
Kuroiwa 1954) and the residual moisture depends upon the snow texture, spin rate and time. Clearly 
some melting will occur if the sample is spun rapidly or for a long time. 

The melting calorimeter (Yosida 1967, Hansen and Jellinek 1957) makes use of the large ratio 
of the latent heat of fusion to the sensible heat of water (80: 1). When a known amount of heat is 
added to the sample, complete melting and some temperature increase occur and the amount of ice 
melted can be calculated. Unfortunately many users have found that the device is ·subject to errors 
caused by heat losses during the period of the experiment. Also, the technique measures directly 
the amount ·or ice in th~ show rather than the amount of water. The water conte.nt in typical samples 
is usually quite low and, since it is calculated as the difference between two large quantities, any 
experimental ~rror magnifies the error in the calculated water content. The freezing ·calorimeter 
deals with the liquid water directly but is still or limited accuracy because or the necessity of re
moving and handling small samples. 
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2 . MEASUREMENTS OF THE DIELECTRIC PROPERTIES OF WET SNOW 

Several other measurements have been proposed to give liquid content information. One 
technique proposes to measure the compression or a wet snow sample by a standard force, the 
compressibility being an indication or the liquid content (Williams 1955). At best this method 
gives only an indication of the presen.ce or liquid water and no calibration system has been pro
posed which would allow absolute liquid determination or standardization. 

Much effort has been devoted to the electrical methods of measurement because they offer the 
possibility of sampling water content either remotely or by taking snow samples. The effective 
dielectric constant and/or loss tangent has been related experimentally to the amount of water and 
the porosity of the snow (Yosida)967, Cumming 1952, Ambach and Howorka 1966 and Kuroiwa 1954). 
In principle the technique is simple and under certain c~rcumstances good accuracy is reported for 
measurements on small samples. 

Remote sensing allows the rapid and efficient accumulation of data and, in addition, individual 
samples need not be handled or COf!Ie in contact with the measuring apparatus. Remote sensing, 
~owever, requires the measurement of one or more of the electrical parameters of the snowpack in 
order to obtain the necessary information about the physical ·properties of interest. Therefore, a 
determination or the dielectric properties of wet snow is required. ' 

'rhe dielectric properties can be remotely measured by equipment mounted on ground vehicles, 
aircraft or earth satellites. Several attempts have been made (Edgerton, Stogryn and Poe 1971, 
Linlor 1972,· Byrd et al. 1972, Hoekstra and Cappillino 1971). However, the lack of any suitable 
method of calibrating the results or remote measurements of water content is a serious obstacle in 
the development or such a system. Depending upon the frequency range, there are several parameters 

·affecting the dielectric constant and loss factor of wet snow: liquid water, porosity, chemical impu
rities and the degree of homogeneity of the snow. Edger.ton, Stogryn and Poe (1971) state at the 
termination of their project: 

... A serious experimental' limitation in the melting snow measurements arises from sizeable 
uncertainties in the measured moisture values. Several snow moisture determination 
techniques were employed including freezing and melting calorimeters and a.capacitive 
instrument. Each of these measurement schemes yielded substantially different and some
what 'inconsistent moisture values from the, same snowpacks within very short time inter
vals.· The large range of·values mu~t be ascribed to (1) actual variances in moisture cmi
tent, (2) sampling techniques and (3) measurement uncertainties. A more precise snow 
moisture technique must be developed before quantitative empirical emission models can 
be established. · · · .- · 

. Our study provides insight into the importance or the parameters affecting the complex dielec
tric constant of wet snow and furnishes a data base from which other instrumentation can be cali
br(,tted. Initially the basic macroscopic and molecular properties or water, ice and snow affecting 
the study are reviewed. Then the significant electrical relations are presented followed by the 
experimental evidence necessary to explain the dielectric properties of wet snow. or special 
importance is the proposal of a calibration system for the electrical determination of the free water 
content of wet snow. 

PHYSICAL PROPERTIES OF ICE, WATER AND SNOW 

Snowflakes ·are nucleated as moist air rises,' exp~nds and cools, condensing water vapor 'onto 
minute solid particles. As the water droplets grow while still rising, the larger droplets freeze and 
·grow at the expense of their smaller liquid neighbors. by further condensation and sublimation until 
they become large enough to fall. The falling iGe particles continue to grow in a_ multitude or forms 
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and sizes, depending on the temperature and humidity_ of the regions of the atmosphere through 
which they fall; finally they are dep.osited on the ground. The dens'ity o(newlyfallen snow is 
generally about 0.1 to 0.3 Mg/m3 (0.1 to 0.3 g/cm3 ), depending on the ice crystal size and shape, 
wind velocities and terrain features (Mellor 1964). The newly deposited snow is a loosely packed 

·aggregate of intricate dendritic and platelike ice crystals. If deposition ·occurs during a high wind, 
most of. the crystals are broken and shattered into small, sharp pieces and a much denser packing 
results. Metamorphism of the snow cover begins immediately following deposition and continues 
at a decreasing rate until liquid water percolates through the snow cover.· Destructive metamor
phism occurs first because of the large vapor pressure differences between the center and the 
extremities of a dendritic snowflake. Within a few days after deposition, the snow cover is trans
formed into a rather stable settled layer of density 0.2 to 0.3 Mg/m3 composed of 0.5~ to 1.0-mm
diameter rounded ice granules. Initially, water molecules are evaporated from the very sharp_ 
branches of the ice fragments and redeposited near larger ice forms. Sublimation continues to occur 
as larger grains grow at the expense of smaller particles but at a .very slow rate. This process 
occurs more 'rapidly at higher ambient tempe~atures (Seligman 1937a, Bader 1962) as shown in Fig- · 
ure 1. · 

Eventually melt metamorphism occurs as ~iquid water enters the snowpack and accelerates the 
rounding process. Rapid grain growth occurs up to about 3 mm diameter by temperature differences 
among the different sizes of grains and the snow becomes more densely packed (Seligman i937b, 
Bader 1962). Figure 2 shows the rapid tnmsition ,Of crushed snow when immersed in water at 0°C 
(Wakahama 1968). 

After a short period of melt metamorphism, the snow is a randoQl packing of nearly equal 
spheres, each of which is in contact at one or more points with other spheres; liquid water is 
present in the pore spaces (Fig. 3). The pendular stage (Fig. 3c) includes the range of saturations 
from the adsorbed .limit to the point at which some of the liquid rings surrounding the grain contacts 
coalesce into multiple joined rings. The funicular stage (Fig. 3d) includes saturations up to the 
point at which all the pores are filled with tiquid (Fig. 3e). -

In snow, water saturation generally varies from 0 to about 14% of the pore volume.* Normally, 
water will begin draining through the snow when saturation increases to about 7% of the pore 
volume. Water saturations above 14% occur only when water drainage is impeded by an obstacle. 
At 14% water saturation, the upper limit of the pendular regime (Smith 1933) corresponds to 8.4% 
liquid content .in a 60% porosity snow and 5.6% liquid content in a 40% porosity snow~ The water
air meniscus in the pen~ular regime, which represents the dominant regime in natural snowpacks, 
is shown in Figure 4 for separated and contacting spheres. Ttie geometrical shape ofthe idealized 
representation in Figure 3c is referred to later ~uring the explanation of the dielectric properties of 
wet snow and glass bead mixtures. Although the ice granule~ are not equal or ·exactly spherical, 
wet snow metamorphism rapidly causes rounding of the particles. · 

The structure of the water molecule, which determines its behavior -in an electric field, is 
formed by the chemical combination of two hydrogen atoms with one oxygen atom in a triangular 
arrangement (Fig. 5). The hydrogen nuclei are held very ch:_>se to the oxygen atom by the hydrogen 
bond lying 0.101 nm from the oxygen nucleus and form an H-0-H angle of about 105°. The molecule 
is roughly s'pherical in shape~ with a radius of 0.138 nm, and is distinctl/polar bec~use the two 
hydrogen protons are displaced from the statistical location of the unshared electrons (Fig. 6). · 

The hydrogen bond is intermediate in strength between Vander Waals or residual forces and 
a true ionic bond. The effect is abnormally high melting and ·boiling points, a very high dielectric 

* In this report the terms water content and water saturation indicate the percentage of liquid in the total· 
sample volume· and pore volume respectively. 
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Figure l. Destructive metamorphosis process in a snowflake showing 
different stages and rates of rounding for different times and tempera

tures respectively (from Bader 1962) .. 
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Figure 2. Microphotographs of the melt 
metamorphism of snow immersed in water 
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Wakahama 1968). 
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constant, a high specific heat, high latent heats of fusion and evaporation, and a low density 
(Fletcher 1970, Evans 1964, p. 268-269). 

On the average, each molecule in ice is tetrahedrally bonded to its four nearest neighbors with 
one hydrogen atom lying along each O;.O bond, closer to one oxygen atom than the other as in the 
unit cell representation of Figure 7. Apparently the hydrogen nuclei can shift between the two 
n~arest oxygen a:toms and rotate to new bonds. The ice crystal may then be envisaged as a hexa
gonal assemblage of oxygen atoms tetrahedrally coordinated to four "half atoms" of hydrogen -(Evans 
1964, p. 270). 

. ' . ' 

The ice lattice is relatively open with a density of 0. 917 Mg/m3 compared to the density in the 
liquid at 0°C of .0.9998 Mg/m3 . The·iceerystals are largely broken up in the· liquid phase but 

locally the water molecules still present a hexagonal symmetry which exists in a decreasing order 
up to +4°C where the local maximum density of 1.0000 Mg/m3 is attained. As temperatures increase 
further, the increasing vibrational energy causes the density to fall off steadiiy to 100° C where 
complete evaporation takes place at standard pressure (Evans 1964, p. 271-2; Fletcher 1970, p. 75-
6). . .. 

ELECTRICAL RELATIONS AFFECTING THE PROBLEM · 

The dielectric constant 

Usually the dielectric constant K or electric permittivity f are used to describe the electrical 
properties of a poor conductor. These are related by 

(1) 

whe~e fv is the permittivity of fr~e space. The dielectric, constant a.nd conductivity a are related 
in many applications, so the complex dielectric constant is used to account for the effects of con
duct.ivity and dielectric absorption.* T~e complex ele.ctric permittivity f* and the complex 
dielectric constant cari be. e~pr~ssed as 

f* :::: f 1 
- jf

11 

K* = K'- jK". 

Often the loss tangent, 

K" 
tan 8 = -· 

K'' 

(2a) 

(2b) 

(3) 

is used to describe loss but it is not suited to the application at h~nd for reasons which will be

come obvious. 

For any particular material the dielectric. ''constant'' is temperature and frequency dependent. 
In Figure 8, the dielectric constants of pure water and ice at 0°C are shown over the. frequency 
range from 1 to 101.0 J1z. Note that the dielectric relaxations· of ice and water occur· at much differ
ent frequencies. At these frequencies, the respective loss factors have a maximum and rapidly fall 
off toward zero on either side of the peak. At very low frequencies, where significant conduction 

*Current or displacementcurrent.in pha~e with the. applied field. 
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Water· 

K' 

K:.. = 3.15 

Frequency, Hz 

Figure 8. Dielectric relaxation of ice and water occur at 
widely different (requencies. 

7 

and interfacial polarization can occur, this behavior is not found .. The static diel~ctric const.ant 
K~ for water is given as a function .of temperat~re .by 

(4) 

where T is water temperature (Edgerton, Stogryn and Poe 1971). The high frequency dielectric 
constant K~ of water, which is due to the combined effect of electronic and ionic polarization, is 
approximately equal to five. The dielectric constant of ice relaxes from a low frequency value of 
100 to a high frequency value of 3.15 (Cumming 1952). ' 

The dielectric constant K' , which is a measure of the materials charge separation efficiency, 
is proportional to the capacitance when the dieleCtric fills the space between the capacitor's 
electrodes. For a parallel plate capacitor of area A, plate separation 1. and an imposed free charge 
Q, a potential differenpe v will be developed. The capacitance C is given by 

(5) 

where_!(' is inversely proportional to ~oltage. The electric displacement D is related to the electric 
field E for a homogeneous, isotropic dielectric by 

(6) 
. . . . . 

When a dielectric slab is introduced between the plates of a charged capacitor the molecules of 
the dielectric become polarized and act to oppose and reduce the internal electric field C:Lnd potential 
across the capacitor. Dielectric polarization is the result of a riet relat~ve displacement of the 
positive and negative ch~rges in the system and can occur at various levels within the molecule. 
Electronic.polarization results from the displacement of the electron cloud center from the nucleus, 
resulting in a dipole which opposes the· electric field in the dielectric. It is present in all matter 
at frequencies up to the characteristic frequency (normally in the ultraviolet frequency regio~). be
yond which the electrons cannot move in phase with the applied electric field. Atomic polarization 
results when an electric field stretches molecular bonds, displacing positive and negative ions or 
ato~ic charge centers from the.equilibrium positions. Because at~ms are more massive than 
electrons, the characteristic frequency for ionic polarization is lower than for electronic polariza
tion and normally occurs in the infrared region. Orientational polarization occurs only in materials 
composed pf permanently (>Olar molecules such as water. The electric field causes rotation of the 
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molecules about their centers of mass, thus aligning the molecular dipoles. The characteristic 
frequency for orientational polarization is normally in the· microwave region. Lattice defect sites 
in crystalline materials cause interfacial polarization because moving charge c·arriers tend to 
accumulate, causing large charge separations at larger than molecular distances. The character
istic frequency for this final case is much lmyer and causes a problem in determining the dielectric 
properties of ice at frequencies below 1 kHz. In both ice and water, electronic and ionic polariza

tion combine to produce the high frequency dielectric constant while the static diel~ctric constant 
includes the effects of orientational polarization. 

The frequency dependence of the dielectric constant and loss factor for polarization relaxation 
due to a single mechanism is given by (Debye 1929) 

K' -K' 
K* = K' . + s oo 

00 1 + jwr 
(7) 

where w is the angular frequency of the applied field. The relaxation time r is the time required for. 
the net polarization to decay to 1/ e of its original value when the electric field is abruptly cut off. 
The complex dielectric constant K* can be separated into its re~ and imaginary components, 

K' -K' 
K' = K' + s oo 

00 

·· 1 + (wr)2 
(8) 

and 

(K' - K' )wr 
K" = s oo • (9) 

1 + (wr)2 

There are many instances in which several coexistent relaxation processes are active, causing 
extra terms in eq 7, 8 and 9. In water, in the microwave frequency band, one .relaxation process 
dominates and only one will be assumed here.. Figure 9 shows the dielectric constant of water as a 
function of loss factor in water at 20°C near ihe characteristic fr~quen9y. For the case o~ water, 

K' -K' 
K* = K' + B . 00 

w oo 1- j(l1A/A) 
(10) 

expresses the same information given in Figure 9, where ~A is give·n in Table I. A is the wave
iength or the excitation field in free space. 

~ 

-~ 80 

c: 
0 
ti 
c: 
0. 
u 
0 

·.::: 
u 
Q) 

Q) 

0 

·.Inverse of Wavelength, cm'"1 

Figure 9. Dielectric· constant and loss .fac
tor of water as a function of the inverse of 
wavelen-gth (from Bleaney and Bleaney 1959, 

. p. 508). 

Table I. A A vs temperature in de pees Celsius 
(from Edgerton, Stogryn and Poe 1971). · 

T· !lA (em) 

0 3.33 
10 2.38 
20 1.74 
30 1.36 
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IDlelool!' 's ttheoey 

A condensation of a theory by Deloor (unpublished) is given here in order to provide a basis 
for the calculation of the effective complex dielectric constant of a mixture from the dielectric 
properties of its constituents. The application of this theory to wet snow is given without recon
structing t~e arguments. Deloor calculated the effective complex dielectric constant of a mixture 
of ellipsoidal p;:trticles dispersed--randomly in a continuum of another dielectric, for example, 
liquid water completely filling the pores of a sponge, the sponge being the continuum. It is 
assumed that the ellipsoids are small compared to the sample dimensions but large enough to dis
play the macroscopic properties of the particulate material. All particles must have the same 
ellipsoid-al shape (from thin disks, to spheres, to long needles) but may be of different sizes. 
Delqor's relation differs from others in that it is general enough to accommodate the entire range of 
volume filling factors (V. ), the fraction of the total volume occupied by the ellipsoidal particles. 

1 - - . 

Previous relationships w~re valid only for low volume filling factors in which no particle-to-particle 
polarization field interference was allowed. 

The effective dielectric constant of the mixture K~ is given in eq 11 iri terms of the complex 
dielectric constants of the continuum K~. the ellipsoids K;, the volume filling factor of the particles 
Vi, and a particle depolariza~ion factor A j: · 

v. 3 1 
* :(1 1 * *:t; K = K0 + - (K. - K0 ) 
m 3 1 . * * 

J=l 1 + (K. /K - l)A. 
1 n J 

(11) 

Aj is evaluated in the three directions parallel to the minor axes of the ellipsoids, where for sim
plicity the ellipsoids are assumed to· have equal semi-axes a~d thus to be spheroids. An additional 
dielectric constant (K:) is defined for the region immediately surrounding the average particle. It 
differs from K~ in that it· accounts for particle-to-particle field interference when th~ volume_ filling 
factor becomes sufficiently large. K: is a function of Vi and the relative difference between K~ 
and K;. It is intermediate in value between K~ and K~. being closer to the former at low satura
tions and appr<?aching K~ at higher saturations (Vi). 

The depolarization factor Ai., which is solely dependent upon the· physical shape ·or the 
particles, is· (Stratton 1941~ p. 2 2) , . · 

1 · oo dS . 
A.=- abc ·J 

J 2 . o (a2 + S)lh (b2 + S)lh (c2 + S)'h (j2 + S) 
(12) 

where 

(13) 

and 

j =a, b or c 

where a, b and c are the magnitudes of the minor axes of the ellipsoids, and S is a variable indi
c~ting the ellipsoid confocal with a standard ellipsoid whose equation is_ 

(14) 
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When S is included in the equation to include an ellipsoid confocal, 

x2 . y2 . z2 
----+-·-' +--·-·=1, 

a
2 + S b2 + S c 2 + S 

(15) 

where 

In the special case where particles are ellipses of revolution about the .c-axis, the depolariza
tion factors become· Aa, Aa, 1-2Aa or 8,- o, 1-28 where o is the p~rticle shape factor.- For example,. 
for a sphere 0. is equal. to 1/ e, for a disk of zero thickness o is equal to zero, and for a needle of 

.. zero cross section .o is equal to %. ·? or Aj may in some cases .be evaluated from microphotographs 
of the particles. . · . . · 

' * . Deloor shows that bounds can be placed on the evaluation of Km by some simpl.e calculations. 
An upper bound (corresponding to disks) is obtained by setting K~ equal to K~ and .Aj equal to 
(0, 0, 1) in eq 11. The lower bound (corresponding to needles) is obtained from the same. relation 
if K~ is equal to K~ and Aj is equal to .C%. %. % ). An abrupt change of slope is found in the plot 
of Km versus Vi at about 20% volume filling factor in many mixtures and appears to be due to in
creased polarization field interactions caused by the closeness or the particles. 

. . . 

Only the effective dielectric constant of the immediate surroundings of the average particle 
K: remains to be spec_ified. This can only be done by_ solving eq 11 for K: which varies signifi-
cantly for different ~hapes and for different materials. · 

Wet snow ·applicat~on 

At this point it is· necessary to justify the .calculation of the effective dielectric constant of 
wet snow using a mixture of spheroidal particles. The saturations of interest in wet snow are 
relatively small and it is virtually certain that at -low saturations the· water accumulates at points 
of contact l;>etween ice spheres as shown in Figure 4' .. Obviously the water menisci are not sphe
roidal, however at low saturations the water shape wiil approach that of a thin disk which is the . 
limit for spheroids with o equal to zero. Therefore' a spheroid with a shape factor less than 0.33 
gives some information which can be incorporated into eq 11. Furthermore, the dielectric ellipsoids 
represented by eq 11 are the only general dielectric body shapes which willhave parallel electric 
field lines. A general electric field relation involving many dielectric bodies and boundaries can
not be solved unless th~ electric field lines inside the dielectric bodie~ can be shown to be parallel. 

It is concluded that although the application of eq 11 to the problem of wet snow is not perfect, 
it offers some control over the particle shapesin wet snow. Experimental evidence supporting its 
use is given later. 

EXPERIMENTAL PROCEDURE 

Meas_urement technique 

The effective dielectric constant and loss factor were· measured in order to provide the informa
tion needed to fully describe the liquid and solid contents of wet snow. Carefully prepared samples 
were used to eliminate the inhomogeneities that could appear if natural snow ".in situ" were used 
for the tests. Since no accurate method was available to measure·the liquid content of wet snow, 
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Figure' 10. Waveguide apparatus for determining 
the effective complex dielectric constant • . 
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it was necessary to prepare the snow with a known liquid content in order to calibrate the results 
of the me'asurements. · 

Even small amounts of liquid water cause a high dielectric loss at high frequencies. Tuned 
microwave cavities could not be used because the lossy samples would have caused the cavity 
quality factor to be too low to insure reasonably accurate measurements. A microwave slotted-line 
waveguide technique was chosen, partly because of the availability of equipment. Included in the 
choic.~ of measuring. 'apparatus was, of course, an appropriate frequency at which to make the mea
surements. Because it was desirable to measure a substantial loss factor as a direct indication of 

. . . 
the aqtount of water present, it was app,ropriate to utilfze a frequency high on the relaxation peak, 
however the frequ~ncy and loss could not be so high as to cause total signal absorp~ion in the 
!?ample:· · 

, An intermediate frequency, 6 GHz (see Fig. 9), was chosen because suitable waveguide· equip
ment was available. The sample size, about one quarter of a wavelength in thickness, was chosen 
for handling convenience .. The sample thickness was 12.2 mm and a J-band waveguide h~ving an 
interior cross f;:lection of 34.85 by 15.56 mm ± 0.10 mm was used. The waveguide dimensions for the 
J-band limit operation to the frequencyrange 5.85. to 8.20 GHz for the TE 01 mode (Henney 1959, 
p. 6-6). A crystal detector was employed to sense· the magnitude of th~ square of the electric field 
vector in the guide and a slotted-line section was placed between tlie oscillator and the sample 
holder (Fig. ,10). 

A short-circuiting brass plate terminated the waveguide directly behind and in contact with the 
sample. To measure the complex dielectric constant, the location of an electric field .node (or mini
mum) in the waveguide slotted section was recorded along with the standing wave ratio, both with 
and without a sample present .. The data were then manipulated as detailed in Appendix A to arrive 
at the measur~d effective dielectric' constant and loss factor of the sample. The effective complex 
dielectric constants of all snow and glass bead samples were measured at 6 GHz .. Sam~ples were 
packed to completely fill the waveguide cro~s section and fit snugly to the shorting plate. 

\ 
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Figure 12. · Sample holder and asso
ciated equipment. 

It was necessary that all work with the samples be done"·at 0°C to prevent heat conduction and 
phase changes in th~ samples

7 
The snow and gl~ss bead samples were prepared in a refrigerated 

coldroom with temperature control to ± 1 °C. To overcome the temperature problem at th.e sample/ . 
waveguide interface, a section of waveguide was equipped with a water jacket which was partially 
filled with water and frozen. Before operation, the jacket was 'warmed to initiate melting and then 
coupled between the cold sample and the warm microwave hardware. Heat flowing from the ~ave
guide toward the sample was absorbed in melting the ice in the jacketed waveguide' section, there
by temporarily maintaining a 0°C barrier above the sample. The brass sample holder itself was 
encas~d in an ice-water bath and surrounded by insulation. The temperature control requirements 
dliring sample preparation and measurement consumed much time and limited the number of runs to 
less than five per day. 

The samples were prepared from dry snow which had been stored at -30°C for about two years. 
The dry snow was disaggregated and repacked in a Plexiglas tube to approximately 40% porosity 
and a depth of about 12.5 mm. The tube was then placed in a waterproof container and submerged 
in an ice-water bath for twenty-four hours to ensure that the snow temperature increased to 0°C. 
The sample was then saturated with ice water"in acapillary pressure chamber (Fig. 11). The use 
of this device was necessary in order to ensure that the distribution of water was uniform through
out the sample. Complete saturation was attained by first evacuating the sample with a mechanical 
pump and then admitting ice water under vacuum. Following saturation the water was drained 
through the porous plate under a negative pressure gradient determined by .the height of the drain. 
The final water saturation in 'different samples was varied by raising or lowering the position of the 
drain as described by Stallman (1964). The remaining water content was calculated by taking the 
difference between the water added and removed. 



MEASUREMENTS OF THE DIELECTRIC PROPERTIES OF WET SNOW 13 

A block of wet snow of the appropriate size was taken from the prepared snow and p~cked 
into the sample holder (Fig. 12). It was immediately transported to the microwave apparatus in an 
insulated chest for subsequent measurement of the dielectric properties. About forty minutes 
elapsed from the time the dry snow was placed in the sample cup until the measurements were 
completed. Of this, drainage took about fifteen minutes and final packing about five minutes. The 
sample was in contact exclusively with a 0°C environment except during the final cutting, weighing 

. . '/ 

and packing into the sample holder . 

. Glass bead preparation 

To facilitate faster data collection and more precise calibration, a set of experiments was done 
using glass beads instead of ice in the samples. The wet snow geometry (Fig. 2b and 3) suggested 
the use of equal spheres, and sized soda-lime gla~s beads were available in a wide range of sizes. 
Good thermal control was assured by ·working just above the' freezing point during sample prepar~
tion and then cooling the samples with an ice-water bath. The glass bead data are given in Table 
II; the loss tangent for this low loss material is assumed equal to the power factor. The dielectric 
constant of the glass beads differed from the ideal ice spheres and results obtained for the glass -
bead samples must be corrected before the results can be applied to wet snow. The parameters that 
can readily be evaluated using the glass beads are the shape factor for the water menisci and the 
effective dielectric constant of the immediate surroundings of the average water particle. These 
parameters are necessary for use with eq 11. 

Table D. Manufacturer's data on glass beads. 

Material 

Density 

Dielectric constant 

Power factor 

soda-lime glass 

2.5 Mglm3 

7 

0.03 

The higher density of the glass caused some problems in sample preparation. In snow, small 
amounts or water effectively held the samples together by surface tension whereas less. cohesion 
was found with the glass beads. Accordingly, the samples were prepared by hand mixing and, 
since it was impossible to prepare homogeneous samples by mixing with large beads, the smallest 
beads were used. 

The samples were prepared in the coldroom, with temperature adjusted to+ 1.0° to+ 3.0°C. 
The desired amount of water at 0°C was mixed with the beads using a spatula, mortar and pestle. 
Once a homogeneous mixture was achieved, the glass beads adhered to each other by surface forces .. 
The wet glass was then packed directly into the sample holder and handled in the same way as the 
snow. A definite advantage of the glass beads was that the samples. could be oven-dried after the 
microwave measurement to determine exactly how mu9h water was present. The small beads appear
ed to retain the liquid throughout the sample, even at high saturations, thus minimizing the tendency 
for liquid stratification .during th~ experimental operation. 
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Wet snow results 
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Figure 13. Effective dielectric constant (a) and loss factor (b) 
shown as a function of water content for the wet snow samples. 

The data points and theoretical curves are shown. 

EXPERIMENTAL· RESULTS 

Nineteen samples of wet snow were prepared and measured. The results are shown in Figure 13 
and the experimental data are recorded in Appendix B.· An additioi_Ial 15 samples were rejected, 
mostly because of problems with the microwave equipment. Only two samples were rejected because 
of problems with sample preparation. 

Figure 13a shows that, as expected, the dielectric constant increas~d at an increasing rate as 
water content increased. Also, the zero water ·content intercept is approximately what was expected 
for the porosity of the sample of dry snow used.. Unfortunately there is too much scatter in the data 
to determine the effect of,p~rosity on t~e effective dielectric constant. Since the loss factor was 
below 0.01 for ice, the effective loss factor of dry snow was near zero (Fig. 13b). The measured 
loss factor increased at an increasing rate for larger water contents. 

Glass bead results 

In spite of the observanc·e of the expected results, the large scatter in the experimental data on 
wet snow prevents the definition of calibration-curves which .would allow confident estimation of the 
liquid water content and porosity.- .No significant improvements could be made in the procedure in 
order to decrease the scatter, so glass ·bead~ were used as· a substitute for ice in the samples; In 
order to use eq 10 and 11 to calculate the complex ·dielectric constant of w~t snow samples, it was 
necessary to estimate· the electrical shape factor (o or A ) of the water meniscus and the effective a . 
dielectric constant of the immediate surroundings of the average particle as a function of water 

. saturation. 

Eighteen glass bead samples were used as explained in the previous section. Two of the sample 
results were rejected. as erroneous due to weighing errors. The results of the 16 useful experiments 
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are recorded ·in Figure 14 in the same manner as for snow. The lack of scatter in ·Figure 14b 
supports the assumption that the wet snow sample preparation and handling cause large errors. The 
results from ·glass beads allow an accurate definition of the calibrati~n curves for water content and 
porosity. The raw data are presented in Appendix C. 

Expanding eq 11 for spheroidal water particles, 

v . . [ . . . '] * * w * '* 2 . . 1 . K = K0 + -_(K - K0 ) · +. · · 

m 

3 
w . l+(:K:: -~8 l+(x%-}1-28) • 

(16) 

for whi~h K~* is assumed equal to XK: and X is a factor of value equal to or less than one but greater 
than IK0 1/1Km1· For simplicity, the dielectric const~1t of the continuum K~ is set equ·al to the ~ 
effective dielectric constant of the dry snow matrix, a function of porosity only. This approximation 
is justified since the complex dielectric constants of ice ~nd glass are much smaller than those of 
water. Therefore the voids and the solid particles· of both materials should· contribute to the effec-

. tive dielectric properties of the mixture in a similar manner. 

Equation 16 is used to calculate K~ from estimates of 8 and X at the desired water saturations. 
'the results are then compared to the experimental values of K* and iterative solutions are perform-,. . m . 
ed to obtain the least error as a.p_ercentage of the experimental results for bothK~ and K~. The 
exact solutions are not obtained but the results are sufficiently accurate to be useful. Curves A 
in Figure 14 show the results using 8 and X obtained as.described above. Figure 15 shows the 
values of 8 and X versus water content necessary to obtain the best experimental-theoretical com
parison. 

Equation 16 is used in a similar manner to attempt to more closely duplicate the data of 
Figure 14b while not significantly increasing the error in the dielectric constant (see curves B, 
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Figure 14). For saturations up to and including 15% liquid by volume, precise duplication of the 
loss factor data is obtained without ~ significant increase in error of the dielectric constant. Above 
15% liquid content, the error increases significantly because the assumption of disk-shaped menisci 
begins to fail when the liquid content exceeds about 10%. Beyond this saturation the water menisci 
coalesce, thus departing from the assumed geometry. Fifteen percent liquid content by volume 
corresponds to about 35% water saturation in the samples used. This upper limit exceeds that 
necessary to describe natural snow samples undergoing normal drainage of melt or rainwater. · 

Using the values given in Figure 15 and the appropriate K~ for dry snow, the dielectric constant 
and loss factor of wet snow are calculated from eq 16. The calcula~ed values of K~ as a function 

-of liquid water Cit the data points rather well (Fig. 13b) but the calculated values of K~ show signif
icant deviations at saturations above 15% volume liquid (Fig: 13a). The scatter in the data below 
15% water content is undoubtedly caused by the assumed value of K~. Assuming K~ to be the 
effective dielectric constant of the dry glass matrix is an oversimplification in that·the glass beads 
are represented as the continuum. It is .likely that less error would result if the air were represented 
as the continuum instead of the glass. Equation 11 is rewritten for this case (K~ is equal to one 
since it describes the air): · .. · 

+ Vg(K* - 1) __ a __ 
g . K* 

2+-g_. 
YK* 

m 

(17) 
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A new variable (Y) is introduced to evaluate the 
effective dielectric constant of the immediate sur

. roundings of the average solid particle. 

Using the values of X and o found to adequately 
describe the loss factor versus water saturation, · 
eq 17 is solved for Y and the results are shown in 
Figure 15. Replotting K~ versus water content at 
the porosity used in the experiments reproduces the 
experimental data. X, o and Y are all functions of 
porosity but insufficient data are given to derive a 
quantitative relation. More data at several porosities 
and. water saturations would be necessary to deter
mine the effect of porosity on the parameters X, o 
and Y, and ultimately on the effective dielectric con
stant (K~) of the mixture. The shape of the curve Y 
versus water content at a fixed porosity is interesting. 
The initial rapid decrease in Y with_water saturation 
is due to the rapid increase in the diameter of the 

0 0.01 0.02 0.03 o.o4 meniscus as water content increases from zero. At 

8 
Figure 16. Ratio of thick1Jess to diameter 
of a spheroidal disk (bla) is shown as a 

function of the shape factQr- o . . 

about 6% water content the rings of water should be 
joined to neighboring rings. Figure 15 shows that 
the negative slope of the curve monotonically de
creases to 10% water content and then becomes pos
itive. At 10% water content, the remainingair ~paces 
are isolated and it is' unlikely that a continuous path 

occurs throughout the air space. In other words, the water phase is now continuous and the air 
phase occurs in discrete masses, and Y should increase to a value of one at complete saturation. 
This confirms Deloor's conclusion that the effective dielectric constant of the immediate surround-. . .. * *· 
in~s of an average particle should lie between Km and K0 . 

The free water content of wet snow can be precisely estimated from measurements of lo~s factor 
and the data given here. Using the value of water content, the porosity can be estimated from the 
r.neasured dielectric constant of wet f:)now at a frequency of 6 GHz. Using eq 10 and 16, similar 
curves of dielectric constant versus water saturation and porosity could be easily obtained for other 
frequencies. The effective loss factor appears as a function. of water content only, whereas the 
dielectric constant is a function of water content and porosity. 

Attempts to show that different sphere sizes produce similar dielectric properties proved un
successful, presumably because an even distribution of water could not be obtained with glass beads 
approximately the size of the ice particles. The results showed a decreasing effective dielectric 
constant and loss factor for larger glass beads, all else being held constant. An uneven distribution 
of water would cause such a result. Harris and Morrow (1964) show tha~ the shape of a water menis
cus held between two equal spheres is independent of the size of the spheres if the same por_osity 
of pack and water content are maintained. Therefore the dielectric properties of the samples should 
be independent of particle size at a given porosity and water ~ontent. Deloor (unpublished) has 
shown that the dielectric effect of the particles is a function of shape but is independent of the size 
of the particles. This evidencejustifies the use of small glass beads (diameter 50 11m) as a substi
tute for the ice particles in the samples used. 

· Some experiments were performed to determine if the· unsaturated glass bead samples tended to 
stratify by water flow downward through the sample. If significant stratification occurs a lower 
effective dielectric constant will be measured than that for homogeneously distributed water. 
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15% water saturation • . 

Figure 17 shows the measured dielectric constant 
and loss factor as a function of time for two samples 
saturated to 15% of the. pore volume. No change in 
the dielectric properties was observed and it is con
cluded.. that no water drainage occurred. This satura-

. tion represents a level which would be expected to 
produce percolation in an open snowpack, however 
the ''end effects'' of the very shallow sample tend to 
hold the water in place once it is packed. 

EXPERIMENTAL ERROR 

In spite of the sample preparation, much scatter 
is observed in the measured effective dielectric con-

. stants and loss factors of the wet snow (Fig. 13). 
The only information available about the true liquid 
content of the samples is the value calculated during 
preparation. It is concluded that the sample prepara
tion described above does not meet the needs of the 
experiment. All snow and water mass measurements 
are made in the coldroom on a Mettler Type H4 ·balance 
with ± 0.005-g precision which is shielded from air 
currents and considered error-free. The microwave 
measuring equipment appeared to be free of error as 
shown by the results of the work with glass beads 
(Fig. 14). 

Three primary sources of error can be identified but not quantified: 1) The drain tube of flexi
ble plastic can deform from its original position during the. time the sample is being placed in· the 
sample cup, and the sample cup capped and uncapped. Some movement of the drain tube is inevita
ble and even slight tube contour changes would alter the amount of water in the tube and thus cause 
errors in the calculation of the small amount of water left in the snow sample after drainage. 2) From 
the time the final snow sample is cut from the prepared wet snow until it is packed into the brass 
sample holder, it is at least partially exposed to the atmosphere which has an ambient temperature 
between ± 0.5°C. The. time of exposure is up to five minutes during trimming, weighing and packing 
and an unknown amount of heat transfer to or from the sample is inevitable. 3) Another source of 
error is the presence of inhomogeneities iri the final samples caused by uneven packing. 

It is felt that the errors are mostly of a random nature and do ~ot cause only melting. or freezing 
of the samples. A rigid drain tube would minimize the first error source but would, of course, not 
permit vary~ng the drai~ reservoir height with respect to the snow sample. 

DISCUSSION 

The purpose of this investigation is to determine the effective complex dielectric constant of 
wet snow as a function of water content, porosity, grain size and any other measurable parameter. 
This knowledge can be used to decide which electrical parameters are needed to accurately deter
mine the free water content and porosity of wet snow and to provide a data base for future develop
ment of other measurement systems. Numerous measurements of the dielectric properties of snow 
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have been made in the past. in t~e. frequency span below 1 MHz although the dielectric c'onstant . 
and loss factor of water are much larger than for ice at higher freq':lencies. The effective dielectric 
constant of snow shotJld increase with increasing liquid co-ntent and the derived mixture relations· 
for the effective diel~ctric constant of mixtures show that a linear increase with water content is. 
expected (Polder and Van Santen 1946, S. Evans 1965). 

The most descriptive mixture relation (Deloor, unpublished) is·stated in eq 11. This equation 
allows the computation of the ~rrective complex dielectric constant of a m!xture knowing the volume 
percent of each constituent, the complex dielectric constants and shapes of the. constituent particles 
and the effective dielectric constant of the immediate surroundings of the average particle of each 
constituent. For the application here, the dielectric properties of air, ice and water are well known 
in the frequency range of interest. The particle shape factor o and the effective dielectric constant 

. . - * 
of the immediate surroundings of the average particle K n are evaluated from experimental evidence 
and the complE;lx dielectric constant of the mixture is measured. The ice particles are nearly 
spherical (o = ·~ ), and the shape evaluation is made by iteratively estimating o and K: until good 
t~eoretical· and e~perimental correlation exist. 

··Significant random.errors are introduced in the preparation of wet snow samples so that a confi
dent evaluation oro and Kri is .impossible from the experimental data. The most significant errors 
are introduced by imprecise liquid drainage from the saturated snow, packing inhomogeneities and 
inadequate temperature control during preparation and packing. A plot of the 'measured dielectric . 
constants and loss factors for the wet snow samples is recorded in Figute l3. - · 

It is necessary to substitute glass beads for ice. in the samples in order to overcome the 
.experimental errors observed when handling wet snow. This allqws a precise evaluation of the 
shape factor for water and K* for the water rings. Glass spheres of 50 /liD diameter (complex dielec
tric constant of about 7 _-0.2J and density 2.5 Mg/m3) are used in order to ·obtain a homogeneous 
water distribution -by han.d mixing. The electromagnetic theory of dielectrics shows that the de- · 
polarization factor or shape factor o depends only on particle shape and orientation to the eiectdc 
field and not on particle size.· Also, for a given liquid water content and porosity, the shape of a 
water meniscus (the ratio of the meniscus diameter to largest radius of curvature) located at the 
point of contact between two equal solid spheres is independent of sphere size (Harris and 11t1orrow 
1964). Therefore, the use of the small glass beads· in place of theice spheres-does not ~!fee~ the. 
elec_trical properties of the mixture. 

·The effective dielectric constants and loss factors of packed samples of the. glass beads with 
water are measured -and the results are shown in.Figure 14. The. data show very little scatter _and 
allow a calibration curve to be ·accurately drawn through the data points. Equation 16, an expanded * * . ,, 
version of eq 11, with Kn set equal to XKm and Aa set equal to_Q, is used to evaluate o and X 
versus water content. The equation is solved for K~ and the err·or between the calculated and th~ 
experimentally measured value~ is minimized by adjusting o and X. The values of o and X shown 
in Figure 15 are therefore taken as representative of the water rings distributed in the mixture. With 
the values of X and o so obtained, the curves in Figure 13 are drawn for wet snow. The only differ-. . .. * 
ence between the forms o~ _eq 16 used for snow and glass beads is the value. of K 0 which is taken 
as the effective complex dielectric constant of the dry snow or glass _bead matrix. 

· Because· the agreement between the calculated and experimental curves of the effective loss 
factor in :Figures 13b. and 14b is so close, it is concluded that the water content in wet snow or any 

. similar mi~tlire or-water and ''loss-less" spherical solid particles ca·n be estimated by measuring 
·the effective ioss factor up to about 15% water content. The curves are· independent of all param
eters except w'ater content. · Porosity changes appear to cause no alt~ration of. the loss factor rela
tion because··o and X, which· both incr·ease with porosity, have equal and-opposite effects on .. the 
dielectric loss. 
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The calculated dielectric constant for the glass bead samples differs significantly from the 
experimental data above 15% liquid content (Fig. 14a). This is due to the simplified assumption * . - . . 
that K 0 is the effective dielectric constant of the dry glass bead matrix. To account !or change 
due to porosity., eq 16 is expanded and a variable factor YK~ is included to ~ccount !or a changing 
dielectric constant of the immediate surroundings of the average solid particle. It is still impossi
ble to determine the quantitative effect of poro~ity ~~ -~~ !or snow without obtaining more experi
mental data from samples of different porosities. Equation 17, however, is a useful means· or', '· 
evaluating the results of such experiments, 

CONCLUSIONS 

The following conclusions are stated as a result of the investigation reported herein: 

1. The effective dielectric lo~s of a sample of wet snow as measured in the microwave range 
is a monotonically increasing function of the water content up to 15%. The dielectric loss factor · 
is independent of grain size and porosity. Useful results correlating free water content with dielec
tric loss are presented here for measurements made at 6 GHz, and similar results can be calculated 
!rom eq 10 and 17 to obtain the relation-s at other microwave frequencies. 

2. Equation 11 derived by Deloor (unpublished) successfully models the effective dielectric 
loss of a sample of wet snow when the loss !actors of the constituents are known. The relation 
obtained is not generally applicable to wet soils because th~ shapes of the soil particles, and 
therefore of the water formations, will differ significantly !rom the nearly ideal shapes encountered 
in snow. 

3. · In wet snow with a water content of 15% or less, the water can be represented electromag
netically as randomly distributed and oriented disks of a small ratio of thickness to diameter; the 
ratio increases with increasi~g water content. This concept agrees with the actual physical shape 
of the water in the low range of saturations of interest to the snow hydrologist. 

4. The measured dielectric constant of wet snow is a !unction of the dielectric constants and 
volumes of ice and water. The water content can be obtained directly from Figure 13b using the 
measured loss factor. Using Figure 13a with th~ known water content and measured dielectric 
constant, the porosity can be determined by interpolation betwee~ appropriate porosity curv~s. 

5. Further work is needed to derive the theoretical curves o.! the effective dielectric constant 
as functions of porosity and liquid content. The effective dielectric constant of the immediate 
surroundings of the average ice sphere as a function of porosity-and water content (the analog of 
K* for -the water particles) must be determined !or that purpose. n . 

RECOMMENDATIONS 

In order to maximize the benefit from further efforts to describe a wet snow sample from its 
measured dielectric properties, an accurate cal?ulation of the_ real dielectric constant as a fu1_1ction 
or porosity and water content must be developed. Ideally more dielectric ~on~tant measurements 
should be made using a solid material with dielectric properties clos~ to that of ice. For complete
ness samples should be made as close to the physical appearance of snow as possible. 'This could 
be done by using solid spheres about 1 mm in diameter. In order to obtain good. water distribution 

. . -
in the sample, one should use the capillary pressure system described herein. To minimize the 
handling of the mixture after th~ water is introduced, the sample holder· s-hould be modified for use 

( 
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with both the microwave and the capillary pressure systems. After the measurement is made the 
sample should-be dri~d in the sample holder to obtain the water content. 

It would be useful_ to make a series of-measurements at th~ same water conte~t but with porosity 
varying between 40 and 60%. In such a way the assumptions concerning porosity' as it affects the 
loss factor could be checked and the porosity effect on the d!electric constant could be better 
evaluated. 

In spite of the ~ccuracy of th~ slotted line waveguide technique for measuring the complex 
dielectric constant of relativ~ly lossy samples, it would not be a reasoriabl~ field device for snow 
measurement. The snow cover varies significantly over short distances and for discrete measure
ments it would require a tremendous amou~t of time and effort to obtain statistically meaningful re
sults. The waveguide technique requires extensive handling of the snow, and temperature compen
sation techniques would have to be used. These factors would be serious obs~acles to obtaining 
reproducible results. Therefore, remote sensing offers the most promising techniques for data 
collection while the results obtained with the waveguide measurements can be used for calibration 
purposes. 
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AlP'lP'~NlDlllX A: TIHIE MIEASUJR~MIENT Of TIHIE CQ_MilP'LEX 
lDlllELECTIRllC CONSTANT lll\1 A SIHIOJR.TE!Dl WAVEGIUlllDlE 

Condensed-from von Hippel (1954, p. 73-77). 

A detector, which is located in the slotted-line section of the waveguide apparatus (Fig. 10), 
travels directly through the standing wave profile. Monochromatic electromagnetic radiation is 
transmitted down the guide from the oscillator and is reflected by the shorting metallic boundary 
at the far end. The standing wave is measured by the probe in the slotted section. The sample 
of thickness d is placed iri contact with the shorting plate, completely filling the c~oss section . 

. The standing wave is measured in the air-filled (medium 1) guide above the sample (medium 2). 
The terminating impedance of medium 1, Z(O), is determined from the ratio of the minimum to maxi
mum electric field strength and the distance X 0 of the first field. medium from the front face of the 
sample. E . IE is determined by measuring the distance ~X between the positions having a mm max . · .. 
measured detector current tw:ice that at the minimum (see Fig. A1). 

X' 
2 

Emin rr/). x 
-----
Emax ,\l_ 

.Em in 
for--~ 0.1 (A1) 

Em ax 

where ,\1 is the wavelength of the standing 
wave in the guide in medium 1, or ,\l_' is twice 
the distance measured between adjacent field 
minima. 

Figure Al. Standi~g wave ratio, the distance The impedance and the propagation· factor 
of a wave in a hollow waveguide differ from 
the values in unbounded space. Denoting 
quantities pertaining to the waveguide by a 
prime ('). 

~X between the positions of 21 mici·as measured 
with a square law detector (from von Hippel 

1954, p. 74). 

The terminating impedance as seen from medium· 2 is 

(A2) 

(A3) 

_where Z 1 and Z2 are the characteristic wave impedances of the two 
media and y' is the characteristic propagation factor. The dominant. 
transverse electric mode (TE 01) is employed. Figure A2 shows the 

Figure A2. Standing wave 
detector with the TE01 mode 
(from von JJUip-;»el 1954, Po 

76). 

orientation of the slot, probe and pattern in the guide. · 

For nonmagnetic dielectrics· 

(A4) 
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0 

u 
. --· 

Figure A3. Survey map (from ~on Hippel 1954, p. 76). 

and for loss-free air, 

Using eq A4, A2 and A5, Y2 can be determined from 

. E min . (2rrX' --- J tan--
tanh r2d . Al Emax Al 

= -J-

1- 1--tan --
Y2 d 2rrd . Emin (2rrX 0 

. Emax . Al. . 

Using ~and p from eq A6 and Figure A3 one obtains a relation between u and cp: 

r2d = ii eicp .. 

7 

(A5) 

(A6) 

(A7) 

The hyperbolic functions for Figure A3 give two p~ssible values of u and¢ for each e and p. How
ever, only one solution using u and cp is probable for the sample and the other solution is more than 
an order of magnitude off. 
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The intrinsic propagation factor of the sample in free space can be determined 'from the 

following: 

. )2 2 
( ')2 2 (m" ("") y =y+-+-

2 2 a . ~ 
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(AS) 

where a and ~ are the wide and narrow guide dimensions respectively and m and n are the mcx:le 
" numbers of the TE

01 
mode (1 and 0 respectively for the TE 01 mode). The cutoff wavelength ,.\c is 

given by 

1 (A9) 

and 

(AlO) 

Finally, the complex dielectric constant is determined by the following equation: 

(All) 

where the cutoff wavelength ,.\c is equal to twice the guide width for the TE 10 · nicx:le. 

In summary, the data necessary to calculate K are the location of a field minimum X 0, sample 
thickness d, guide wavelength y•

1 
and dimensions, and the 3-dB width of the field ncx:le ~x. For 

all samples an extensive series of calculations is required to evaluate K*. A computer program. 
(MICROW) was written in BASIC language for th'e Dartmouth time-sharing computer to perform the 
calculations outlined above by Dr. Pieter Hoekstra. The program evaluates eq A 7 by successive 
series approximations instead of using the curve equations for Figure A3. 
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APPENDIX 8: EVALUATION OF THE EFFECTIVE PARTICLE SHAPE FACTOR 
. AND THE EFFECTIVE DIEL~CTRIC PROPERTIES IN THE IMMEDIATE VICINITY 

OF AVERAGE LIQUID AND SOLID PARTICLES 

The effective liquid p~rticle shape factor 8 and the fractions X and Y necessary to describe 
the dielectric properties of the immediate surroundings of_the average liquid X and solid Y parti
cles are approximately evaluated using eq 11. Expanding eq 11 for real and imaginary parameters 
yields · 

Kll vw [ 2 1
-1 (t- 20)] 

= -. (K") . + m 3 w 
1'+ 

(B1) 

and 

K' 
vw 

= Kb+- + m 3 
(B2) 

Only X and 8 are unknowns in the two equations since all other parameters have known or meas-' . 
ured values. X and 8 are evaluated to a first approximation by iteratively estimating them and com
paring the calculated K ~ with the measured values. The first approximation is the estimate which 
minimizes the error in each calculation, lJut the error must be equal in value for the real and imagin
ary data. This procedure is necessary because there are no exact solutions to eq B1 and B2. 

· The first approximation is refined by working only with eq Bl, as it accounts only for the 
water present. The error in the calculated value of K~ is eliminated by adjusting 8 and X. The 
new values of 8 and X can allow reproduction of the data without significantly increasing the error 
inK~. 

Y is evaluated from eq 17 directly using the experimentally obtained K ~and the values of X 
and 8 just calculated. 

X, y and 8 as evaluated include but do not directly determine the apparent shift in relaxation 
in the water from the properties of bulk water. Work is ongoing to determine the shift in relaxation 
times observed when water is present in variou's soils (Hoekstra, unpublished). The observed 
variance of X, Y and 8 with water content is reasonable. 
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· AlPlPENIDlHX C: EX!PEIRHM!ENTAIL IDlATA 

A. Wet snow data. 

Total Total Net Net Net Water 
Wa.ter ice water ice water snow saturation 

content Porosity (g) (g) (g) (g) (g) (%) K• m 
K .. 

m. 

0.1538 0.3154 20.00 4.90 4.225 1.035 5.26 48.764 7.05 1.56 
o.o548 0.3874 20.59 2.01 3.781 0.369 4.15 14.159 4.13 0.80 
0.0980 0..342(1 18.85 3.06 4.061 0.659 4.72 26.64! 5.13 1.23 
0.0506 0.3195 19.87 1.61 4.200 0.340 4.54 15.826 4.61 0.89 
0.2344 0.3612 18.77 7.51 3.943 1.577 5.52 64.900 8.60 3.29 
0.1894 0.3769 19.52 6.47 3.845 1.275 5.12. 50.249. 7.06 3.49 
0.2287 0.3015 17.98 6.42 4.311 1.539 5.85 75.859 10.94 3.46 
0.0696 0.3807 17.88 2.19 3.822 0.468 4.29 18.270 3.33 . 0.41 
0.1512 0.3142 19.71 4.74 4.232 1.018 5.25 48.129 8.56 3.07 
~.Q~§Q 0.2934 19.17 2.90 4.360 0.659 5.02 33.400 5.45 1.76 
0.1944 0.2673 19.81 5.73 4.522 1.308 5.83 72.719 9.90 3.46 
0.0703 0.3232 19.06 2.16 4.177 0.473 4.65 21.759 3.63 0.55 
0.0485 0.3448 19.45 1.57 ·4.044 . 0.326 4.37 . 14.066 3.27 0.35 
0.0482 0.2942 19.45 1.45 4.355 0.325 4.68 16.395 3.34 0.42 
0.1834 0.2780 18.50 5.125 4.456 1.234 5.69 65.971 8.32 4.61 
0.2443 0.3638 19.50. 8.165 3.926 1.643 5.57 67.138 12.49 3.71 
0.1065 0.3286 19.26 3.330 4.154' 0.716 4.86 32.397 4.39 0.95 
0.1659 0.2347 19.20 4.540 4.723 1.117 5.84 70.716 10.43 3.05 
0 0.3660 0 3.930 0 3.93 0 2.19. 0.003 

lB. Glass bead data. 

Net Net Water 
Water glass water saturation 

content Porosity (g) '(g) (%) K• K .. 

0.0586 0.4368 9.476 0.3944 13.42 4.71 0.55 
a 0.4260 9.670 0 0 3.08 0.026 
0.0987 0.4350 9.506 0.6644 22.69 6.31 1.29 
0.2486 0.4100 9.927 1.6731 6D ... 64 13.89 4.15 
0.1377 0.4191 9.774 0.9265 32.85 8.35 1.98 
0.1865 0.4285 . 9.615 1.2550 43.52 '11.19 2.96 
0.6348 0.4251 9.673 0.4272 14.93 4.99 0.70 
o. 7412 0.4246 9.681 0.4988 17.46 4.59 0.90 
0.8745 0.4192 9.77i 0.5885 20.86 6.28 1.19 
0.2863 0.4171 9.807 0.1927 6.86 4.12. 0.27 
0.4097 0.4143 9.854 0.2757 9.89 4.58 0.44 
0.1253 0.4213 9.736 0.8435 29.75 8.28 1.78 
0.1766 0.4228 9.771 1.1887 41.78 1€L.Q.6 2.64 

. 0.2245 0.4140 9.859 1.5106 54.22 . 13.24 4.14 
0.0256 0.4212 9.738 0.1724 6.08 4.04 0.31 
0.2217 0.4176 . 9.798 1.4919 . 53.08 12.67 3.61 
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