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ABSTRACT

Microwave dielectric measurements of
dry and wet snow were made at nine fre-
quencies between 3 GHz and 18 GHz and at
37 GHz using two free-space transmission
systems. The measurements were conducted
during the winters of 1982 and 1983 in
Lawrence, Kansas. The following para-
metric ranges were covered: (a) liquid
water content: 0 to 12.3% by volume,
(b) snow density: 0.09 to 0.42 g/cm?,
(c) temperature: 0 to -5°C, and -15°C
(scattering loss measurements), and
(d) crystal size: 0.5 to 1.5 mm. The
experimental data indicate that the
dielectric behavior of wet snow follows
closely the dispersion behavior of water.
For dry snow, volume scattering is the
dominant loss mechanism at 37 GHz. The
applicability of several empirical and
theoretical mixing models was evaluated
using the experimental data. The Debye-
Tike semi-empirical model and the
theoretical Polder and Van Santen mixing
model were found to adequately describe
the dielectric behavior of snow. The
Polder and Van Santen model provided a
good fit to the measured values of the
real and the imaginary part of wet snow
only when the shape of water inclusions
in snow was assumed to be nonsymmetrical
and to depend on snow water content.

1.0 INTRODUCTION

Dry snow is a mixture of ice
particles and air voids. After the snow
is deposited, the numerous ice particle

shapes are modified by metamorphism.
Thermodynamically, the ice crystals

seek equilibrium for which the ratio

of surface area to volume is minimum
[1]. Any water in the snowpack collects
at points of contact between the grains.
The geometry and porosity of snow at
high and low liquid water contents have
been examined by Colbeck [2]. He con-
cluded that snow, 1ike any porous
material, has two distinct regimes of
Tiquid saturation. In the Tower range
of liquid saturation, the pendular
regime, air is continuous throughout the
pore space, and the liquid occurs as
isolated inclusions. In the higher
range of liquid saturation, the funicular
regime, the 1iquid is continuous
throughout the pore space and the air
occurs in distinct bubbles trapped at
narrow constrictions in the pores.

There is a sharp transition between the
two regimes.

The melt-freeze metamorphism
changes the microstructure of snow. The-
grains become rounded during the melting
process, and some of the smaller grains
disappear completely. When the water
freezes, the snow increases in density
and has a greater continuity in the
resulting ice matrix. Snow which has
undergone several melt-freeze cycles
tends to form multiple clusters.

Electromagnetically, a snow medium,
in general, is a three-component
dielectric mixture consisting of air,
ice particles, and liquid water. Both
ice and water exhibit dispersion
spectra; however, the relaxation
frequency for ice is in the kilohertz



range, while that for water at 0°C is
about 9 GHz [3]. The complex dielectric
constants of ice (low-loss material) and
water (high-loss material) depend on
frequency and temperature. Consequently,
the dielectric constant of snow is, in
general, a function of frequency,
temperature, volumetric water content,
snow density, the shape of ice particles,
and the shape of water inclusions.

Several investigations have been
conducted over the past few years to
evaluate the use of microwave remote
sensing systems for determining the
extent, water equivalent, and liquid
water content of snow cover. Passive
measurements of snowpacks have been
made in the 5- to 94-GHz range [4-7].
Active measurements have been reported
for frequencies between 1 GHz and 36 GHz
[5,8]. The measurements include data
for both dry and wet snow conditions.
Radiometric observations at 18 GHz and
37 GHz, provided by Nimbus-7, have been
employed for snow studies both on a
global and a regional scale [9,10].

The above-mentioned studies
indicate that the frequency range of
both active and passive remote sensing
measurements and utilization of the
available data have been extended to
millimeter wavelengths. However, the
basic tool for interpreting these data,
namely the microwave dielectric
properties of snow, are known with
satistactory accuracy only for
frequencies below 13 GHz. In fact, as
shown in Table 1, only a few microwave
dielectric measurements of snow have
been made to date. They include only
two multifrequency investigations,
namely a study of wet snow between 4 GHz
and 12 GHz [14], and one for dry snow at
four frequencies between 0.8 GHz and
13 GHz [15]. Linlor's sample
preparation involved mixing Tiquid
water at 0°C with dry snow [14], which
rendered the water distribution in the
mixture different in shape from that in
natural snow.

Modeling of the microwave
dielectric properties of snow is
naturally Timited to the frequency
range of existing experimental studies.
Mixing models that assume wet snow to
consist of either dry snow and water or,
more fundamentally, of air, ice, and
water have been applied by several
investigators [11,16-19]. Because of
the lack of wideband dielectric data for
natural snow, the capability of these
models to satisfactorily describe the

microwave dielectric behavior of dry
and wet snow is still open.

This study presents the results
of dielectric measurements made over
the 3- to 18-GHz range and at 37 GHz
for natural dry and wet snow. Several
empirical and theoretical models are
applied to fit the experimental data.
Additionally, a study of scattering
Tosses in dry and wet snow is included.

2.0 MEASUREMENT TECHNIQUES

Two free-space transmission systems,
one operating between 3 GHz and 18 GHz
[20] and the other operating at 37 GHz
[21], were used for the snow dielectric
measurements. The free-space technique
is practical for producing data over a
wide frequency range, because the same
sample can be measured over the entire
range. In addition, the free-space
technique allows for rapid measurement
of wet snow samples, thus preserving
the properties of the samples. The
two free-space systems were located in
an unheated truck when the measurements
were conducted. The temperature in-
side the truck was 0 + 2°C for measure-
ments of wet snow samples and well below
0°C for measurements of dry snow
samples. ‘

2.1 Free-Space Transmission Technique

3- to 18-GHz System

The block diagram of the system is
shown in Figure 1. The antenna
separation is 23 cm and the sample
diameter is 30 cm. Two methods are
used to account for multiple reflections
within the measurement system. A pulley
system is used to vary the sample
Tocation between the horn antennas
during the measurement of phase shift,
and swept-frequency 10ss measurements
are used to record and average reflec-
tions. The maximum Toss that the
present 3- to 18-GHz system can measure
is 40 dB.

The complex transmission coeffi-
cient for a sample is measured by com-
paring the amplitude and phase readings
of the network analyzer/phase-gain
indicator for the sample holder when it
is empty and when it is filled with a
snow sample:

(1 - R?) e'Yd
1 - R2 e'ZYd

T =T | edom - (1)



where y is the complex propagation
constant for the sample and is defined
in terms of the attenuation coefficient
a and the phase coefficient g as

Y =a + jB, (2)

where

o 2—“‘/E—'( 1+ (592 - 1) (3)
}\0 2 €

s=§§/g'—</1+(-§—.>2+1) (4)

The electric field reflection coefficient
is denoted by R and the sample thickness
by d. The complex dielectric constant of
the sample is ¢ = ¢' - je'".

The expressions for the magnitude
|Tm| and the phase ¢m of the transmission
coefficient Ty, are coupled nonlinear
functions of o and g, and hence of ¢' and
e". Therefore, an iterative procedure
was used to obtain ¢' and ¢" [20].
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Fig. 1. Block diagram of the 3- to
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37-GHz System

The block diagram of the measure-
ment system is shown in Figure 2. The
antenna separation is 37 cm and the
sample diameter is 30 cm (same sample as
for the 3- to 18-GHz system). The
measurement procedure for this system is
different from that for the 3- to 18-GHz
system. During the loss measurement,
the reference arm is blocked out by a
variable attenuator. The sample loss is
obtained by measuring the transmitted
power without the sample and with the
sample inserted. A frequency sweep from
37 GHz to 38 GHz is employed to record

and eliminate multiple reflections. The
maximum loss that the present 37-GHz
system can measure is 40 dB.
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Fig. 2. Block diagram of the 37-GHz
free-space transmission system.
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Instead of measuring the phase
shift due to the sample at a fixed
frequency, the interference pattern
between 37 GHz and 38 GHz is recorded.
The interference is a result of split-
ting the signal between the reference
arm and the test arm and of recombining
it again. Due to the phase shift from
the sample the interference pattern is
shifted in frequency. The frequencies
corresponding to the maximum amplitude
of the interference pattern without the
sample, f1, and with the sample inserted,
fo, are observed.

The real part of /e can be computed
from those frequencies and the geometry
of the measurement system [21]:

A
Re Vo= 1+ 22 (L 1y
d r er krl
Lt(rl——;\l—)]~§(Re/e_—1).
t2  “tl d S

In Equation (5), L, and Ly are the
lengths of the reference arm and the
test arm, respectively, and Aj refers to
wavelength at frequency f; (i =1 or 2).
Subscript r refers to the reference arm
and subscript t to the test arm. The
thickness and the complex dielectric
constant of the sample holder are
designated by s and eg, respectively.



From the measured values for loss L

(L = |1/Tp|) and Re Ve, ¢' and ¢" can be
computed using an iteration process as
described in [21].

2.2 Measurement Accuracy and Precision

Measurement accuracy depends upon
the measurement technique used and the
dielectric properties and the dimensions
of the sample. For wet snow samples,
the preservation of the sample proper-
ties (especially liquid water content)
during the measurement is important.

3- to 18-GHz System

In order to determine the absolute
precision of the system, test samples
ranging from polymethyl methacrylate
(low-Toss material) to distilled water
(high-Toss material) were measured [20].
The average deviation over the 3-18 GHz
range from previously observed values
was for polymethyl methacrylate
(e = 2.60 - j0.015 at 3 GHz, ¢ = 2.57 -
j0.0082 at 25 GHz [22]): 1.2% for &'
and 0.02 dB for the loss; and for dis-
tilled water (e = 77.1 - jl1.6 at 3 GHz,
e = 43.2 - j33.0 at 18 GHz for T = 23°C
[3]): 2.1% for ¢' and 2.8% for ¢". The
accuracy of the 3- to 18-GHz system is
not sufficient for measurement of the
loss of dry snow samples.

The total calculated worst-case
error bounds for the measurement of wet
snow samples are shown in Figure 3. The
samples represent an upper limit (m, =
12%), a Tower limit (m, = 1.6%, and a
medium value (m, = 5.6%) for the snow
sample Tiquid water content by volume
in this study. The thickness of the
sample is increased with decreasing
water content in order to increase the
sample loss and, consequently, the
accuracy of the measurement. These
error bounds include uncertainties both
in the free-space transmission system
and in the interpretation of measure-
ments.

The 3- to 18-GHz free-space system
was tested against a 4- to 6-GHz wave-
guide transmission system at 6 GHz using
lToamy soil samples. The results in
Figure 4 show a good agreement between
the two systems.

37-GHz System

The 37-GHz system was tested with
the same test materials as used for the
3- to 18-GHz system. For polymethyl

methacrylate (e = 2.57 - j0.0082 at

25 GHz [22]) the deviation from pre-
viously reported values was 1.5% for €'
and 25% for ¢", whereas for distilled
water (e = 19.6 - j29.5 at 37.5 GHz [3])
the corresponding value was 1.0% for
both ¢' and €". The increase in the
accuracy of ¢" is due to the high loss
(L > 30 dB) for the water sample com-
pared with that for the polymethyl
methacrylate sample (L = 1 dB).

The total error bounds for the
measurement of wet snow samples were
calculated considering the uncertainties
both in the measurement system and the
reading accuracy. For water contents
my > 5.6%, the worst-case error bounds
for ¢' and ¢" are 4% and 5%, respective-

ly. Formy = 1.6%, they are 4% and 8%,
respectively.
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Fig. 4. Comparison of the free-space
transmission system against a waveguide
transmission system at 6 GHz.

2.3 Sample Preparation

The snow samples were acquired from
the open area near the facilties of the
Remote Sensing Laboratory of the Unjver-
sity of Kansas, Lawrence, Kansas. The
samples were acquired from different
depths in the snow cover, including the
bottom and the top layers. Extreme care
was taken not to disturb the structure
of the samples. First, the extra snow

‘around a potential sample was removed
and the sample holder was placed upside
down on the top of the sample. Then the
sample was properly cut and its surface
was smoothed by cutting the extra snow
out with a slab.

After completing the microwave
dielectric measurements using the 3- to
18-GHz and the 37-GHz free-space system,
the sample holder containing the sample
of snow was weighted and the thickness
of the sample was measured. The sample
temperature was measured using a temper-
ature probe and a digital multimeter.
The freezing calorimeter method was used

to measure the snow liquid water content.

Immediately after the snow liquid water
content was measured, snow crystal
parameters were observed using a micro-
scope with a fiber optic light source to
minimize heating effects on the snow
sample. The pH level of the snow
samples was examined with each new snow-
fall. A small sample of snow was allow-

using a pH meter.

In order to obtain the density of
dry snow from the measured density of wet
snow sample, the following expression,
used by Ambach and Denoth [23], was used
in this study:

p. -

Pds = WV (6)
1.0 - m,

where pqs is the density of dry snow in

g/cm®, pys is the density of wet snow in
g/cm®, and my, is the volume fraction of

Tiquid water (volumetric water content)

within the snow sample.

During the 1982 experiment the snow
samples were not insulated at their upper
surface, and therefore the snow liquid
water content varied with time during
the measurement. In order to find the
actual water content as a function of
time, the first and the last measurement
of each sample was made at 18 GHz. This
allowed the calorimetrically measured
water content to be properly corrected.
In 1983 the samples were insulated with
styrofoam and no corrections were needed.

3.0 EXPERIMENTAL DATA

A comprehensive data base of the
snow complex dielectric constant between
3 GHz and 37 GHz was established in 1982
and 1983. In 1982, the measurements
were conducted at 9 equally spaced fre-
quencies between 4 GHz and 18 GHz. In
1983, two frequencies were added,
resulting in a frequency range of 3 to
37 GHz.

The data base of the snow dielec-
tric measurements consists of 995 data
points, 584 of which are for wet snow
and 411 are for dry snow. The number
of snow samples measured at each fre-
quency between 4 GHz and 18 GHz (using
2-GHz intervals) 1is about 110, whereas
63 samples were measured at 3 GHz and at °
37 GHz. The snow samples had densities
ranging from 0.09 g/cm® to 0.42 g/cm?
and liquid water contents ranging
between 0% and 12.3% by volume. The
snow particle size varied between 0.5 mm
and 1.0 mm and the pH Tevel ranged from
5.6 to 6.5. The samples had tempera-
tures ranging from -5°C to 0°C. All
snow samples were of fairly new snow.
Two examples of the experimental data
are given in Figures 5 and 6. The
results of the 1983 measurements agree
well with those obtained in 1982. The
scatter in gyo is larger at 4 GHz than



measured at all frequencies. Because
the sample loss is Tower at low frequen-
cies than at high frequencies, the mea-
surement of ey is less accurate at 4
GHz than at 18 GHz.

In addition, the loss of several
dry snow types was measured at 37 GHz
where volume scattering is the dominant
loss mechanism. Different thicknesses
for each snow type were used in order to
increase the accuracy. Some samples
were stored for one year in a freezer
before the measurement. The density of
the samples ranged from 0.32 g/cm® (new
snow) to 0.43 g/cm® (refrozen snow) and
the grain size from 1.0 mm to 1.5 mm,

correspondingly. The temperature of the
samples was -15°C.
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Figure 5. Comparison of the 1982 and

1983 measurements for (a) the dielectric
constant and (b) the loss factor of
snow at 4 GHz.
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4.0 DIELECTRIC MODELS

The experimental data were used to
develop and evaluate several theoretical
and empirical snow dielectric models.
The evaluation of the models was per-
formed using the residual sum of squares, .
given by

RSS =
.i

(7)

o~ =

, [e; (obs) - e;(pred)]?,

where ej(obs) is the measured value,
ej(pred) is the estimate and n is the
number of data points. Equation (7) was
used separately for ¢' and ¢".

The rms error for ¢' is

ele = [RSS/n]

(8)
and a similar expression applies to e".

.



The square of the correlation co-
efficient, r*, measures the proportion
of the total variation about the mean
value explained by the regression.

As a third criterion, linear re-
gressions of the form

g'(obs) = a'e'(pred) + g’ (9)

e"(obs) = a"¢"(pred) + g" (10)

were used to evaluate the models. A
perfect model is one for which o' = o" =
1 and 8' = 8" =0, and for which the
linear regression coeffients for ¢'. and

ews are close to unity in magnitude:
4.1 Dry Snow

Dry snow is a mixture of ice and
air. The permittivity of ice is in-
dependent of temperature and frequency
at microwave frequencies [24]. This
causes the permittivity of dry snow €ds
to be also independent of temperature
and frequency. The acquired data for
eds in the 3- to 37-GHz range, shown in
Figure 7, were found to follow a linear
density dependence, given by

= 1.8317 Pds 0.09 <

ds Pds

< 0.40 g/cm®.
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Figure 7. Measured dielectric constant
for dry snow as a function of density
between 3 and 37 GHa.

The estimate of the rms error
between the measured values and those
predicted by Equation (11) is 0.038.
However, Equation (11) tends to over-
estimate the values of eyc for low snow
densities and underestimate them for
high snow densities. By combining the
present data with previous experimental
values [11,15,25], two expressions have
been derived for ejs:

T . 3
€ds ~ 1+1.9 Pds’ Pds § 0.5 g/cm
(12a)
Eés = 0.51 + 2.88 Pds > Pds
+ 0.5 g/cm®. (12b)

Expressions similar to Equation (11)
have been reported in the literature for
frequencies below 13 GHz with slightly
larger values for the coefficient of pyc
[23,26]. The larger values are due to
the higher range of density of the tested
snow samples. In this paper, Equation
(11) will be used to describe the de-
pendence of egq. on snow density.

The imaginary part (or loss factor)
of the dielectric constant of dry snow,
eds»> is of the order of 107° in the
microwave region, and therefore difficult
to measure with a good degree of accuracy.
The cavity technique is needed for
measuring the dielectric properties of
very Tow loss materials. The measure-
ments of eds made with the free-space
transmission system are not accurate
enough to use for model evaluations.

From the theoretical Polder and Van
Santen mixing model [27], the following
formula may be obtained by assuming the
ice particles to be spherical

0.34 Vies

€II = , (13)
&S0 - 0.a17 v.)?

where vy = pds/p; is the ice volume
fraction, p; = 0.916 g/cm® is the densi-
ty of ice, and e] is the loss factor of
ice. Figure 8 shows that sa /e¥ from
Equation (13) agrees well w1%h &ummings'
data for dry snow over a wide snow
density range. The dependence of e$ on
frequency and temperature has been
examined by Nyfors [15], and by Stiles
and Ulaby [28].
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for the loss factor of dry snow relative
to that of ice.

4.2 Wet Snow

Six dielectric mixing models were
considered including (a) the two-phase
Polder and Van Santen Model [27] (dry
snow and water mixture), (b) the three-
phase Polder and Van Santen model (ice,
air, and water), (c) the confocal ellip-
sojdal model [29], (d) the refractive
model [31], (e) an empirical model based
on Linlor's formulation [14], and
(f) a Debye-Tike semi-empirical model
described below. Of these, only models
(a), (b), and (f) provided results in
good agreement with experimental obser-
vations.

In the theoretical models, wet snow
js assumed to consist of either dry snow
(with eqg = eqq - Jeds) and water (with
ey = gy - gy)» or of air (with e = 1),
ice (with ej = e} - jej), and water.

For dry snow, eq. is calculated from
Equation (11) and efs is set equal to
0.002 [28]; for water, g, is calculated
from the Debye equation [3]; and for
ice, e} = 3.15 [24] and e is calculated
from [15].

Two-Phase Polder and Van Santen Model

The complex dielectric constant of
wet snow, eys = eyg - Jews, 1S assumed
to be a mixture of dry snow as host and
Tiquid water as inclusions. The water
particles are randomly distributed and
randomly oriented ellipsoids with depol-

arization factors Ay1, Ay, and Ay3. The

mixing formula [28] is given by

1 1 1 ! 1
03 04 05 06 07 08 09 10

where my is the Tiquid water content
(volume fraction of water).

In previous modeling efforts of
wet snow using the two-phase Polder and
Van Santen mixing model, the water inclu-
sions have been assumed to be symmetrical
in shape, that is Ay] = Aw2, and Ay3 =
1 -2 A, [18]. On the other hand,
there is some evidence that the shape of
water inclusions may vary as a function
of water content. Ambach and Denoth [18]
fitted their experimental data for eyg
(below 1 GHz) using the symmetrical
approach. They observed the optimum
value of Ay] to vary between 0.01 and
0.08, generally increasing with increas-
ing water content.

Three different approaches were
taken in the present investigation when
applying the two-phase Polder and Van
Santen mixing model: (a) the water in-
clusions were assumed to be symmetrical
in shape (Ay1 = Aw2> Az = 1 - 2 Ay1)
and their shape to be independent of
snow water content, (b) the water in-
clusions were assumed to be nonsymmetri-
cal in shape (A1 # Aw2 # Aw3), and
their shape to be independent of snow
water content, and (c) the water inclu-
sions were assumed to be nonsymmetrical
in shape, and their shape to depend on
snow water content. In each case,
optimum values for Ayj were sought by
minimizing the error between the values
of eys as calculated from Equation (14)
and those obtained experimentally.

Table 2 shows the results from the
optimization processes. The symmetrical
approach gave Ay; = 0.074 when the
optimization was performed using eyg
data. However, the corresponding value
using eys data was A,y = 0.155. The
fact that different depolarization
factors are needed to describe the be-
havior of ey and eyg renders the
symmetrical approach unacceptable. This
suggests that the water inclusions in
snow do not accommodate themselves in a
symmetrical shape.

The second approach, in which the
water inclusions were assumed to be non-
symmetrical in shape and to conserve
their shape independent of snow water
content, gave Ay; = 0.067 and Ayp = 0.251



when the optimization was performed
using eys data. The superiority of the
nonsymmetrical approach compared to the
symmetrical one is indicated by the fact
that the same set Ay (optimized using
ews data) gives a reasonably good fit

to ¢, data as well.

Finally, Ay1, A2, and Ay3 were
optimized separately as a function of
water content using eys data. Each
water content category was amy = 1% in
range, that is 0.0 ¢ my7 < 1.0 < myp <
2.0% etc., and the last region 11.0 <
my1p < 12.5%. The optimized depolariza-
tion factors are shown in Figure 9 as a
function of Tiquid water content.
According to the results, the water in-
clusions in snow appear needle-like in
shape (Ay1 = 0.0, Ay2 = Ay3 = 0.5 for
needles) for 1liquid water contents below
my = 3%. However, they change into disc-
like shapes for my > 3% (Ay1 = Ayp = 0.0,
Aw3 = 1.0 for discs). This change in
shape for the water inclusions appears
to be that of the transition from the
pendular regime to the funicular regime.

The transition value is Tower than
that calculated by Colbeck [17]; however,
the Tow snow density in the present
study could be expected to decrease the
transition value.
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Figure 9. Depolarization factors Ayq,

Apos and Az for water inclusions in
snow, optimized by fitting the two-phase
Polder and Van Santen model to the
measured values of €se

The two-phase Polder and Van Santen
model with nonsymmetrical water inclu-
sions (and whose shape depends on the
snow water content) is found to be in
excellent agreement with the measured
ews data as shown in Table 2. The de-

polarization factors optimized previous-
ly, using the measured values of eyg, as
a function of my, can be used in the
two-phase Polder and Van Santen mixing
model to estimate the values of eyq.
Table 2 shows the statistics of the
predicted eys values as compared to the
measured values. The model works well

at all frequencies.

Three-Phase Polder and Van Santen Model

Instead of treating wet snow as a
two-phase mixture of dry snow and liquid
water, the three-phase mixing model
treats it as a mixture of air (as hos*),
ice, and liquid water. The expression
for eyg is fundamentally similar to .
that given in Equation (14) except that
it contains two summations: one over the
depolarization factors of the ice inclu-
sions (assumed to be spherical) and
another over the depolarization factors
of water [28]:

1 3
e =1+=¢ v.(e.-1)z[e, +
ws 3 “ws i'Ci je1 VS
_ -1
(g5 = eyg) 1j]
1 3
+ g-ewsmv(ew - 1)j§1[sws + (sw
_ -1
Ews)ij] . (15)

In Equation (15), m, is the volume
fraction of water (= liquid water con-
tent), and Ayj and Ajj are the depolari-
zation factors of the water and ice
inclusions, respectively, with Aij = 1/3.
Again, the three different approaches
concerning the depolarization factors
of the water inclusions were taken.

Table 3 shows the results from the
optimization processes. The symmetrical
approach gave Ay = 0.084 when the
values were optimized using e&s data,
and Ay = 0.189 when the values were
optimized using eyc data. The results
are close to those obtained using the
corresponding two-phase Polder and Van
Santen model and they suggest again that
the water inclusions in snow are not
symmetrical.

Using the nonsymmetrical approach,
with the shape of the water inclusions
independent of the snow water content,
gives Ay = 0.047 and Ayo = 0.372. The
best agreement with the measured eyg and



ews data is again obtained by assuming
the water inclusions to be nonsymmetri-
cal in shape and their shape to depend
on the snow water content. The opti-
mized values of Ay, using e&s data,
are shown in Figure 10 as a function of
water content. Although there is more
scatter in Ayi than in the correspond-
ing values using the two-phase Polder
and Van Santen model, the average values
of Ay from the two models are close to
each other.

The three-phase Polder and Van
Santen model is capable of predicting
both eys and eyg reasonably well. The
transition from the pendular regime to
the funicular regime takes place again
around m, = 3%.

1.0 — ; ; : : - -
Pendular
5 (Regime; Funicular Regime
<< 08 r i’,A\ \ -
'5 i \&\ ,/ ~a /ﬁ—m“‘ A’B
T / 'S N
H 06k /
§ A
S 04 i
N
k=
> 9 g
2 0.2 /”/A\x//y \ A,
D o 2
(] . Y Y A
0"—-.*-—4-.\_:_,_—0" ~ ___'/’ e~
OO ) ) ) ‘?l 7 ) X w1 J
0 2 b 5 8 012
Liquid Waler Content m, (7).
Figure 10. Depolarization factors Ayi,

Ay, and Ayz for water inclusions in
snow, optimized by fitting the three-
phase Polder and Van Santen model to the
measured values of e)jg.

Debye-Like Model

The dieletric constant of dry snow
is of the order of eqg = 1.6 - j1073.
The water inclusions have an ey that is
about 40 times larger than eq.. Hence,
even when the liquid water content is of
the order of only 1 percent by volume,
the spectral behavior of the wet snow
mixture is likely to be dominated by
the dispersion behavior of water. This
argument led to the testing of the
following semi-empirical model:

B mVX
e&s =A 4 —- (16)
L+ (f/f,)?
Cf mVX
s T T (17)

1+ (f/f,)?

where fy is the relaxation frequency, f
is frequency, and A, B, C, and x are
constants to be determined by fitting
the model to the measured data in the

3- to 37-GHz range. Such an approach
gives
- 1.015
A=1.0+1.83 Pes * 0.02 m,
(18a)
B = 0.073 (18b)
C = 0.008 (18c)
x = 1.31 (18d)
fo = 9.07 GHz. (18e)

The value of f, is slightly higher
than the relaxation frequency of water
at 0°C, fg,, = 8.8 GHz [3]. This is in
agreement with the results of previous
studies concerning heterogeneous mix-
tures containing water. De Loor has
found out both theoretically and exper-
imentally that the relaxation frequency
of such mixtures is always equal to or
higher than that of the relaxing com-
ponent [30]. In addition, he concluded
that the closer the relaxation frequency
of the mixture is to the relaxation
frequency of the inclusions, the greater
is the departure of the shape of the
inclusions from spherical (approaching
discs or needles). Therefore, the
optimized nonsymmetrical values for Ayj
in the Polder and Van Santen models in
the previous sections are in agreement
with the value of the relaxation fre-
quency in Equation (18e).

In order to increase the accuracy
of the Debye-1ike model, polynomial
expressions relating the values of o',
a", 8' and g" in Equations (9) and (10)
to frequency were developed:

0.7816 + 0.0311 f - 0.5810

o' =
x 107 f2 (19a)
g' = 0.3094 - 0.0450 f + 0.8696
x 1073 f? (19b)
a" = 0.9741 - 0.3894 x 1072 f + (.39099
x 1073 f2 (19c¢)
8" = 0.0. (19d)

In Equation (19), f is the fre-
quency in GHz. In this paper, the model
including Equations (17) to (20 is
called the modified Debye-1ike model.



5.0 EVALUATION OF THE DIELECTRIC MODELS

In order to compare the calculated
contribution of water to the measured
values, an incremental permittivity value,
Aeyes that is independent of density is
used:

= €

Ws 1.0 -

1 - ] 1
Beys T Ews T Eds

1.8317 oy (20)

Aeys shows the contribution of 1liquid
water in snow. For gyg no incremental
value is needed because liquid water
dominates the loss factor.

Figure 11 shows the measured per-
mittivity and dielectric loss factor at
6 GHz as a function of liquid water con-
tent. The solid curves were calculated
using the Debye-Tike model. As indicated
by these figures, the fit is quite good.

Similar fits were also obtained with
the Polder and Van Santen models. The
difference in behavior between the Debye-
1ike model and the Polder and Van Santen
models is significant only at frequencies
above 15 GHz; Figure 12 provides a com-
parison of the two models with the data
at 37 GHz.

The overall fit of the two-phase
Polder and Van Santen model to the data
is shown in the form of the scatter plots
in Figure 13.
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Figure 11. Comparison of model pre-
dictions with measured values of Aeulis at
6 GHz, 12 GHz, and 37 GHz.
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Figure 12. Comparison of model pre-
dictions with measured values of e&s
6 GHz, 12 GHz, and 37 GHz.
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A quantitative comparison of the
models is provided in Table 4 for eyq
and in Table 5 for s"s. It is obvious
that the Polder and Van Santen models
provide the best overall agreement with
the measured e,g data. The confocal
ellipsoidal model gives a poor fit to
the experimental data and the Linlor-
like model gives a good fit for ey but

does not have an expression for Eps”

6.0 DISPERSION BEHAVIOR OF WET SNOW

Figures 14 to 16 show the effect of
Tiquid water content on the dielectric
behavior of wet snow between 3 GHz and
37 GHz. The results are shown for a
dry snow density pqs = 0.24 g/cm®, which
was the average observed value in this
study. The values of ey¢ and ey were
calculated using the modified Debye-like
equation discussed in Section 4.2. As
shown by Figures 14 to 16, ey has its
maximum value at 9.0 GHz. This agrees
with the relaxation frequency of water
at 0°C. The sharp increase in eyg
between 3 GHz and 6 GHz is due to the
large difference in the values of ¢! for



water between 3 GHz and 6 GHz, as illus-
trated in Figure 17.

The attenuation constant of wet
snow increases practically linearly with
frequency up to 15 GHz. Between 18 GHz
and 37 GHz, the average slope is slightly
smaller. The penetration depth decreases
with increasing frequency and increasing
Tiquid water content, as illustrated in
Figure 18. For m, = 5%, the penetration
depth is about 20 cm at 4 GHz, 3 cm at
10 GHz and less than 1 cm at 37 GHz.
The effect of volume scattering is in-
cluded in the results shown in Figure 18.
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Figure 14. Dielectric constant of snow,

predicted by the modified Debye-like
modek, as a function of frequency with
liquid water content as a parameter.
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Simple numerical expressions re-
lating Aeyg and ey to the water content
of snow have been aeve1oped in recent
studies to calibrate snow wetness sen-
sors that operate at frequencies below
1 GHz [18,26]. Expressions of the form

Ae' = (21a)

€ws

] = k
€ws

k1 My
o M, (21b)
have been developed for the 3- to 37-GHz
range using the results from the modified
Debye-1ike model in Figures 14 and 15.
Average values for the coefficients kj
and kp in the 0- to 12.37% volumetric
water content range are listed in

Table 6. Since the water content de-
pendence of Aeyc and eyg 1s slightly
nonlinear, the values for ki and kp in
Table 6 tend to overestimate both
quantities at small water contents and

underestimate them at high water contents.

7.0 VOLUME SCATTERING BY SNOW

The dielectric loss factor of dry
snow, edss is of the order of 107% at
microwave frequencies. Therefore, €ds
cannot be measured accurately with a
free-space transmission system; however,
the scattering loss can be measured at
37 GHz.

The total Toss of a snow medium is
given by the extinction coefficient kg:

(22)

In Equation (22), k, is the power ab-
sorption coefficient (ka3 = 2a) and «q
is the corresponding scattering coeffi-
cient.

With increasing frequency and snow
particle size, volume scattering in-
creases rapidly and finally replaces
dielectric Toss as the dominant loss
mechanism. As illustrated in Figure 19,
this occurs at a frequency of 14 GHz for
snow with a particle diameter of 1 mm.
The results shown in Figure 19 were ob-
tained using the Mie scattering theory.

Snow density plays an important
role in volume scattering lToss. This is
because the density of dry snow deter-
mines the number of jce particles per
unit volume of snow, and therefore the
number of scattering particles. Figure
20 shows plots of k3, g, and ke as a
function of snow density at 37 GHz, for
snow with particles of 1 mm in diameter.
The variation of Ka» Kg» and kg, is

linear with snow density.

The total loss (mainly scattering
loss) was measured for four snow types
at 37 GHz. The properties of the snow
types are listed in Table 7. For each
snow type, samples with several thick-
nesses were used. As illustrated in
Figure 21, all the samples that had
undergone a melt-refreeze process show
scattering losses that are practically
the same. Only the newly fallen snow
shows a considerably smaller loss. It
is therefore concluded that a distinc-
tion can be seen in the scattering loss
between newly fallen snow and refrozen
snow that has undergone the melt-re-
freeze process. Additionally, the
influence of mechanically breaking the
continuous ice structure seems to be
fairly small.
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Figure 19, Calculated extinction co-

efficient «,, scattering coefficient kg,
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snow as a function of frequency.
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Table 8 shows a comparison between
the values of kg calculated from the Mie
scattering expressions and the measured
values. In general, the calculated
values are larger. The difference may
be partly due to errors in determining
the average snow particle size. The
estimates were obtained using a micro-
scope.

8.0 CONCLUSIONS

The following conclusions can be
made from this study of the dielectric
behavior of snow in the 3- to 37-GHz
range:

(a) The dielectric constant of dry
snow increases practically linearly with
increasing snow density.

(b) The dispersion behavior of
water determines the spectral behavior
of wet snow. Similar to liquid water,
the relaxation frequency of wet snow is
approximately 9.0 GHz.

(c) Volume scattering is the
dominant loss mechanism in dry snow above
14 GHz for a snow particle size of 1 mm
or larger. Undergoing the melt-refreeze
cycle increases the extinction coeffi-
cient of dry snow at 37 GHz. The scat-
tering loss decreases drastically with
increasing liquid water content, be-
cgming negligible for my values above
' (d) The modified Debye-1ike model
is the best of the developed empirical
models to describe the dielectric be-
havior of snow as a function of its
physical parameters and frequency.

(e) If nonsymmetry is assumed for
the depolarization factors of the water
inclusions, the two-phase and three-

phase Polder and Van Santen models can
adequately describe the dielectric be-
havior of snow.

(f) The water inclusions in the
snow were found to be needle-like in
shape as the water appears in the snow.
A transition in their shape occurs
around m, = 3% into a disc-like shape.
These results were obtained by opti-
mizing the shape of the water inclusions
to fit the two-phase and three-phase
Polder and Van Santen models to the
measured values of e&s.
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Table 1.  Summary of Microwave Dielectric Measurements of Snow.
Liquid Crystal
Water Size
Frequency Snow Deqsity Content Diameter Temperature Reference
(GHz) (g/cm?) (%) (mm) T(0oC) and Year
9.375 0.34 - 0.916 0 not reported -18 to 0 Cumming
. [11] 1952
9.375 0.38, 0.76 0-1.2 not reported 0 Cumming
[11] 1952
6 0.6 0-24.4 not reported 0 Sweeny and
Colbeck
[12] 1974
9.4 0.5 0-9.0 not reported 0 Tabarias
et al.
(13] 1978
4-12 0.30 - 0.60 0-12.0 0.1 - 1.0 0 Linlor i
(14] 1980 |
|
0.8-13 0.07 - 0.53 0 not reported -30 to -5 Nyfors

(15] 1983




Table 2.  Effect of the Shape of Water Inclusions to the Capability of the
Two-Phase Polder and Van Santen Model to Describe the Dielectric
Behavior of Snow in the 3- to 37-GHz Range (995 Data Points).
Shape of Water Shape of Water Shape of Water Shape of Water
Model Inclusions Inclusions Inclusions Inclusions
Symmetrical, Symmetrical, Nonsymmetrical, Nonsymmetrical,
Awi Optimized Awi Optimized Independent of Depends on Water Content
Using eys' Data  Using eys" Data  Water Content of of Snow,
Snow, Ayj Optimized  A,j Optimized
Using eyg" Data Using eyg" Data
Parameter s’ Eus” €ws' ews " Es' Ews" Eus' Ews”
Awl 0.155 0.074 0.067
A2 0.155 0.074 0.251 See Figure 9
Aw3 0.690 0.852 0.682 for values of Ayj
Residual
Sum of 7.965 25.079 64.246 4.702 8.592 2.997 4.399 2.611
Squares
Linear .
Correlation 0.978 0.961 0.981 0.962 0.984 0.975 0.988 0.978
Coefficient
a', o 1.001 1.791 0.700 0.957 1.116 0.989 , 1.025 0.996
g, 8" -0.012 0.031 0.398 0.020 -0.160 0.005 -0.040 -0.003
ews' (0DS) = a'eyg' (pred) + g
&wsn(ObS) = u"ews"(pr'ed) + sn
Table 3. Effect of the Shape of Water Inclusions to the Capability of the
Three-Phase Polder and Van Santen Model to Describe the Dielect-
ric Behavior of Snow in the 3- to 37-GHz Range (995 Data Points).
Shape of Water Shape of Water Shape of Water Shape of Water
Model Inclusions Inclusions Inclusions Inclusions
Symmetrical, Symmetrical, Nonsymmetrical, Nonsymmetrical,
Awi Optimized Ayi Optimized Ayi Optimized Awi Optimized
Using eys' Data  Using eys" Data  Using e,q" Data Using eyg" Data
Parameter fws ' s ews' ews" ews' ews” Ews' Ews”
Aul 0.189 0.084 0.047
Aw2 0.189 0.084 0.372 See Figure 10
Ay3 0.622 0.832 0.581 for values of Ayj
Residual
Sum of 7.581 22.432 66.321 3.853 13.566 3.451 4.210 2.813
Squares
Linear
Correlation 0.980 0.975 0.982 0.969 0.989 0.971 - 0.988 0.967
Coefficient
a', o 0.960 1.772 0.675 0.968 1.193 0.981 0.804 0.868
g, 8" 0.081 0.023 0.458 0.017 -0.292 0.009 " 0.298 0.006
ews' (0bs) = a'eyq'(pred) + g'
cwsu(obs) = ancwsu(pred) + B“



Table 4. Capability of the Models to Predict the Dielectric Constant of
Snow eys' in the 3- to 37-GHz Range. Number of Data Points is
107 at 6 GHz and at 12 GHz, 63 at 37 GHz, and 995 in the 3- to
37-GHz range.

Model Two-Phase Three-Phase
Polder and Polder and Confocal Debye- Refractive Linlor-
Parameter Frequency Van Santen Van Santen Ellipsoidal Like (k=0.083) Like
(GHz)
Residual 6 0.444 0.488 7.295 0.755 1.268 0.855
Sum of 12 0.417 0.365 1.973 0.674 0.943 0.570
Squares 37 0.153 0.137 0.653 0.310 1.007 0.183
3-37 4.399 4.210 33.761 8.462 11.963 5.826
Linear 6 0.992 0.991 0.947 0.987 0.987 0.987
Correlation 12 0.987 0.989 0.959 0.983 0.982 0.983
Coefficient 37 0.977 0.980 0.979 0.977 0.962 0.975
3-37 0.988 0.988 0.943 0.977 0.968 0.984
a' 6 1.058 0.822 1.371 0.977 1.127 1.055
12 1.092 0.825 1.145 1.097 0.933 1.022
37 0.950 0.768 1.051 1.136 0.711 0.958
3-37 1.025 0.804 1.217 0.960 0.985 1.009
g' 6 -0.074 0.294 -0.453 0.040 -0.178 -0.071
12 -0.151 0.257 -0.169 -0.154 - 0.064 -0.050
37 0.082 0.359 0.014 -0.166 0.410 0.064
3-37 -0.040 0.298 -0.256 0.067 0.00 -0.016
ews' (0bs) = a'eys'(pred) + g'
Table 5.  Capability of the Models to Predict the Loss Factor of Snow s
©in the 3- to 37-GHz Range. Number of Data Points is 107 at 6 GHz
and at 12 GHz, 63 at 37 GHz, and 995 in the 3- to 37-GHz range.
Model Two-Phase Three-Phase
Polder and Polder and Confocal Debye-  Refractive
Parameter Fr?que?cy Van Santen Van Santen Ellipsoidal Like (k=0.369)
GHz
Residual 6 0.273 0.318 5.873 0.587 0.980
Sum of 12 0.237 0.270 3.083 0.373 0.386
Squares 37 0.070 0.048 0.160 0.266 0.268
3-37 2.611 2.813 31.264 4,932 6.493
Linear 6 0.981 0.978 0.836 0.960 0.962
Correlation 12 0.983 0.981 0.874 0.975 0.975
Coefficient 37 0.981 0.987 0.958 0.975 0.975
3-37 0.978 0.967 0.799 0.957 0.944
" 6 1.018 0.980 2.795 1.031 1.239
12 0.995 0.847 1.715 0.966 0.958
37 0.870 0.749 1.062 1.367 0.819
3-37 0.996 0.868 1.551 0.995 - 0.975
g" 6 0.005 0.009 -0.025 0.002 0.002
12 -0.004 0.004 -0.027 " -0.003 -0.005
37 -0.011 -0.008 -0.019 -0.005. -0.010
3-37 -0.003 0.006 0.008 0.003 0.005

Cws'l(obs) = u"ews"(pred) + 8"



Table 6.

Linear Expressions For the Water Content Dependence of Aeys' and
ews' Between 3 and 37 GHz (Modified Debye-Like Model).

deyg' = k1 my 7 Ocemy <12%
eys" = kg my
Frequency k1 ko
(GHz)
3 0.137 0.044
4 0.132 0.054
6 0.117 0.067
8 0.105 0.073
10 0.092 0.074
12 0.081 0.072
14 0.072 0.069
16 0.065 0.066
18 0.058 0.063
37 0.033 0.049

Properties of Snow Types Used for Scattering Loss Measurements at

Average Snow

Density
(g/cm?)

Snow Type Description

0.354

0.432

0.321

0.385

Refrozen snow. The snow
cover had already gone
through the melting-
refreezing process. Ice
was continuous through-
out the sample.

Refrozen snow. The snow
sample consisted of
separate particles.
This was generated by
mechanically handling
(83/1) snow to break
the continuous ice
structure.

Newly-fallen snow that
had not undergone the
melt-refreeze process.

01d snow. Had been
stored for one year in
a freezer at -200C. The
ice structure was con-
tinuous in these samp-
les. However, it was
mechanically broken
before the measurement
causing separate
particles.

Table 7.
37 GHz.
Snow Type Approximate
Abbreviation Particle
Diameter (mm)
(83/1) 1.4
(83/2) 1.4
(83/3) 1.0
82 1.5
Table 8.

Comparison of Measured and Calculated (Mie Scattering) Extinction
Coefficients for Dry Snow Types (Table 7) at 37 GHz.

Snow Type xa (dB/m) ke (dB/m)
Measured Calculated
(83/1) 55.4 80.2
(83/2) 49.1 97.8
(83/3) 33.0 32.5
82 56.5 89.5
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