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ApstrAacT. The remote sensing of snow-pack characteristics with surface installations or an airborne
system could have important applications in water-resource management and flood prediction, To derive
some insight into such applications, the electromagnetic response of multi-layered snow models is analyzed
in this paper. Normally incident plane waves at frequencies ranging from 106 to 1010 Hz are assumed, and
amplitude reflection coefficients are calculated for models having various snow-layer combinations, including
ice layers, Layers are defined by a thickness, permittivity, and conductivity; the electrical parameters are
constant or prescribed functions of frequency. To illustrate the effect of various layering combinations,
results are given in the form of curves of amplitude reflection coefficients versus frequency for a variety of
models. Under simplifying assumptions, the snow thickness and effective dielectric constant can be estimated
from the variations of reflection coeflicient as a function of frequency.

RESUME. Reflexions électromagnétiques d partir de modéles de manteau neigeux a plusieurs couches. La télédétection
des caractéristiques du manteau neigeux a l’aide d’installations de surface ou 2 partir d’un systéme aéroporté
peut avoir d'importantes applications dans les domaines de 'aménagement des ressources en eau et de la
prévision des crues. Pour avoid un apergu de ces applications, I’article analyse la réponse électromagnétique
de modéles de manteau neigeux stratifiés. On suppose que I'on utilise des ondes planes sous incidence
normale a des fréquences allant de 105 & 1019 Hz et les coefficients d’amplitude de réflexions sont calculés
pour des modeles comprenant des combinaisons de couches de neige variées y compris des crodtes de glace,
Les couches sont définies par une épaisseur, une permittivité, une conductivité, Les paramétres électriques
sont constants ou sont des fonctions connues de la fréquence. Pour illustrer I'effet des différentes combinaisons
de stratifications, les résultats sont donnés sous la forme des courbes donnant les coefficients d’amplitude de
réflexion en fonction de la fréquence pour plusieurs modéles. En admettant des hypothéses simplificatrices,
on peut estimer ’épaisseur de la neige et la constante diélectrique effective 2 partir des variations du co-
efficient de réflexion avec la fréquence.

ZUSAMMENFASSUNG.  Elektromagnetische Reflexion an vielschichtigen Schneemodellen. Die Fernerkundung von
charakteristischen Daten einer Schneedecke mit Geriten an der Oberfliche oder mit einem flugzeuggetra-
genen System kénnte bedeutsame Anwendungen in der Wasserversorgung und Hochwasservorhersage
erlangen. Um einige Einsicht in solche Anwendungen zu gewinnen, wird in dieser Arbeit die elektro-
magnetische Reaktion vielschichtiger Schneemodelle analysiert. Es werden senkrecht einfallende, ebene
Wellen im Frequenzbereich von 106-10' Hz angenommen; die Koeffizienten der Reflexionsamplitude
werden fiir Modelle mit Schichtkombinationen, einschliesslich Eisdecken, berechnet. Die Schichten sind
durch ihre Dicke, Durchlissigkeit und Konduktivitit bestimmt; die elektrischen Parameter sind konstant
oder vorgegebene Funktionen der Frequenz. Zur Darstellung des Einflusses verschiedener Schichtkombina-
tionen werden die Ergebnisse in Form von Diagrammen der Reflexionsamplitudenkoffizienten in Abhingig-
keit von der Frequenz fiir eine Reihe von Modellen wiedergegeben. Unter vereinfachenden Annahmen
kann die Schneeticfe und die wirksame Dielektrizititskonstante aus den Anderungen des Reflexionsko-
effizienten in Abhingigkeit von der Frequenz geschitzt werden.

INTRODUCTION

With water supplies and the hydroelectric power obtained from them in great demand,
the water equivalent of snow packs represents an important resource on a world-wide basis.
The effective management of water resources requires adequate knowledge of the snow-pack
extent, depth, density, and wetness. At present, trained individuals traverse snow courses
to obtain snow depth and weight using Mt Rose tubes at selected sites. Some additional
information is obtained by the use of “pressure pillows” to weigh the snow at automatic
stations; other systems involve the attenuation of gamma rays by absorption in snow layers.

* This paper is an enlarged and updated version of a paper presented by William I. Linlor at the Symposium
on Remote Sensing in Glaciology, Cambridge, England, September 1974.
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The field methods in current use are of great value in providing information to permit
forecasting of water run-off; “point™ measurements are combined by statistical methods to
yield a representative value for a basin. However, automatic stations and airborne systems
for repetitive assessment of snow-pack depth, density, and wetness would have important
applications in water-resource management and flood prediction, particularly at times of
rapid change. Other applications involving airborne or satellite-based techniques include
measurement of ice thickness on shipping lanes and in the polar regions, and snow cover on
remote areas.

Remote-sensing systems are being developed by the scientific community, based on both
passive and active electromagnetic (EM) techniques. Considerable literature is alrecady
available. Some of the references that are particularly relevant to this paper are Saxton
(1950), Cumming (1952), Jiracek (1967), Evans and Smith (1969), and Waite and MacDonald
(1969). A “‘swept-frequency” EM system for snow-pack measurements was described by
Linlor (1973), for which the models analyzed in the present paper represent the theoretical
basis. In a simple form, that system would consist of an antenna that transmits a set of
sequential fixed frequencies (thus approximating a “swept-frequency” operation). A selected
frequency would be transmitted within a pulse having sufficient duration to include between
10 and 100 cycles, thus nearly equivalent to “‘continuous-wave” (CW) operation. With the
antenna on an aircraft having an altitude of 150 m or higher, the pulse having a duration of
1 ps or less would be completed before the specular reflection from the snow pack could reach
the antenna. Hence, the same antenna could be used for transmission and reception. Ampli-
tude and phase of the reflected signals would be recorded for the desired frequency range.

The present work is part of a broad program having many interdependent aspects. The
ultimate goal is a remote-sensing system that can be flown in an aircraft or satellite to obtain
repetitive, synoptic measurements of snow-pack areal extent, depth, density, and wetness.
Combinations of passive and active EM instrumentation are envisaged, the latter including
short-pulse as well as the pulsed swept-frequency measurements described above. For flight
experiments, ground truth is needed, and suitable instrumentation to obtain such information
is being developed. Snow wetness, which is one of the most important parameters determining
the EM response, may be measured at the surface by electrical techniques described by Linlor
and Smith (1974) and by Linlor and others (1974).

Our proposed active EM airborne remote-sensing system is a direct spin-off from some of
the basic research in the NASA space exploration program. Prior to the Apollo 17 mission,
theoretical analyses and computer codes were used to obtain the response of (hypothetical)
plane layers on the moon, assuming incident plane EM waves, as described by Ward and
others (1968) and by Linlor and others (1970).

During the manned lunar exploration program, consideration was given to application
of the EM techniques to various layered models of snow, ice, water, and earth, and certain
problems inherent in such applications were recognized. The electrical parameters of snow,
in silu, are known to cover a wide range of values depending on the density, temperature,
frec-water content, and other variables such as sequences of rain, freezing, and thawing.
There also are important practical considerations, such as the effects of earth roughness, snow
surface roughness, reflection from inadvertent radiators (telephone or power lines in the
vicinity of the reflection zone), and similar complications. A few remarks are made later in
this paper concerning the limitations arising from practical applications.

As an initial step, this paper is a theoretical study only, and does not include consideration
of the size, weight, cost, or performance characteristics of a working system. The basic
objective is to present the results of calculations for a variety of models, directed toward such
questions as:

1. For sets of earth conditions, how does the reflection coefficient depend on the dielectric
constant, loss tangent, and thickness of the snow layers?
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2. For various sets of snow layers, how does the reflection coefficient depend on the di-
electric constant and loss tangent of the earth ?

3. For an invariant amount of water-equivalent in the totality of the layers, how does the
reflection coeflicient change when the individual layers of snow (or ice) are interchanged in
various sequences?

OUTLINE OF THEORY

The principle of the electromagnetic interactions on which the proposed system is based
can be explained by the model shown in Figure 1. The model represents the simple case of a
thin sheet separating two semi-infinite media. Stratton (1941) derives the following expression
for the power reflection coefficient R at normal incidence assuming that the three media have
zero conductivity and vacuum permeability:

(2t 723)2—4r 572, 5IN2 ayd

R = (1)

(14712723) 2 —4ria7ag sin? a,d

INCIDENT REFLECTED
WAVE WAVE
MEOIUM | | &
tan 3§,
- i
L MEDIUM 2 tan 8, d
v [
i MEDIUM 3 €3 @ ‘
| tan 83 ’

Fig, 1. Three-layered model.

where the amplitude reflection coefficients at the interfaces are i, and r,;, d is the sheet
thickness, and «, = 27/}, where A, is the wavelength within the sheet. The power reflection
coefficient R is what an airborne instrument would measure and is given by

R=r (2)

where r represents the amplitude reflection coefficient for the model. Unless explicitly stated
otherwise, we use amplitude reflection coefficients in this paper.
"The sequential minima for r occur at the frequencies

% 108
f:li—K}(gnJrl)’ n= 0y T; 25 %, e (3)

o - (KIKI)Q—I{; ( )
min — {K.Iﬁ—a)i+K2 > 4‘
ﬁ

Ry==, i=1,273 (5)

€o

where fis the frequency in Hz and dis the thickness in meters. The permittivities of the three

dielectrics are ¢, €, and ¢, in F/m, and the relative permittivities are K,, K, and K,
dimensionless.
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For the assumed lossless media, the maxima for r are equal to 75, namely, the reflection
coefficient with layer 2 effectively absent; these occur at the sequential frequencies

% 108
:;:-d—!{'z;'(gn_i_g): n=0,1,2,3 .. (6)
Fb—E}
Tmax =fu = FilE" (7)

Letting K, = 1.0 for air, from Equations (4) and (7) we obtain

I+ 7max I —7min
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Fig. 2. Reflection amplitude versus thickness.

A solid ice layer over water is an example of a three-layer system. Let us make the simpli-
fying assumptions that the ice and water are lossless, and have dielectric constants of 3.2 and
81, respectively, independent of frequency. A plot of Equation (1) is shown in Figure 2, with
thickness d of medium 2 plotted in units of A,, versus amplitude reflection coefficient of the
model. For ice thickness equal to a quarter wavelength, the amplitude reflection coefficient
for this model is equal to 0.47. If medium 2 had a dielectric constant of K} (i.e. 9), the
reflection amplitude of the system would be zero for odd multiples of the quarter-wavelength
thickness.

Figure 3 is a plot of Equation (1) for the amplitude reflection coefficient r versus frequency
for an ice layer assumed to be 0.03 m thick. The first minimum in r occurs at the frequency

f. = 1.40 % 10° Hz; adjacent minima have a frequency difference of
3 % 108
Af= m = 2f,. (10)
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It is obvious for this idealized example that the variation of the amplitude reflection coefficient
with frequency shown in Figure 3 is sufficient to determine uniquely the relative dielectric
permittivities of the ice and water from Equations (8) and (9), and the thickness of the ice
layer from Equation (3) or (10).

REFLECTION AMPLITUDE

| 1 1 i 1 | ]

|
g I 2 3 4 & B T 8 9 00
Hz %102

Fig. 3. Ice (0.03 m) over water.

It should be noted that Figure 3 represents steady-state (CW) frequencies; that is, pulsing
the incident wave is not necessary except for operational convenience. The effects that occur
are “interferometric” in nature, and minima can be explained by considering a frequency
such that the wavelength in the ice is four times the thickness of the ice. For this condition,
the EM wave, in traversing the ice layer down and up, accumulates a time delay so that the
phase of the wave emerging from the top surface of the ice is changed by 180° with respect to
the surface-reflected wave. Because of the significant amount of reflection at the ice-water
boundary, the amount of cancellation at the top surface is sufficiently great so that the net
amplitude reflection coefficient is 0.47 at the frequency of 1.40 % 10° Hz. This same type of
phase relationship occurs at the odd multiples (1, 3,5, 7, etc.) of this frequency, producing
minima in the amplitude reflection coefficients at the frequencies of 1.40, 4.20, 7.00, ... GHz.

At the even multiples (2, 4, 6, etc.) of the frequency 1.40 X 10° Hz, the internally reflected
wave emerging from the ice top surface is in phase with the surface-reflected wave, so con-
structive interference occurs. In other words, at these even multiples the amplitude reflection
coefficient is the same as if the ice were absent—that is, equal to 0.80, which is obtainable
directly from Equation (7) using the value of 81 for the dielectric constant of water and unity
for air.

Let us now consider multi-layered models. The mathematical analysis has been published
by Ward and others (1968) and is not repeated here. The same computer code was used for
the calculations of this paper, modified to include as many as 48 separate layers, each of which
can have permittivity and conductivity values that vary with frequency. Relations presented
in Ward and others (1968) are used in this discussion as appropriate.

It is assumed that plane electromagnetic waves are incident normally on plane layers,
cach of which is homogeneous within its upper and lower surfaces. The permittivity € and
conductivity ¢’ of each layer are real functions of frequency f'; the magnetic permeability p
of all materials is the same as that for vacuum. The layers extend indefinitely in the horizontal
plane, and the incident waves have sinusoidal time variations.

https://doi.org/10.3189/50022143000021997 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000021997

506 JOURNAL OF GLACIOLOGY

With the usual nomenclature, the complex permittivity is

e* = &' +je". (11)
The electrical conductivity is related to the loss factor €” by the equation
¢’ = anfe". (12)
The ratio of conduction current to displacement current in each layer is the loss tangent:
, "
tan8=c,=€—, (13)
we €

For a given model, the surface impedance is defined to be z,, which is equal at any
selected frequency to the impedance of an equivalent homogeneous half-space. The plane-
wave impedance of free space is z,. The amplitude reflection coefficient for the multi-layered

model is
Za— %o
e I
! Zat %o ( 4)
The phase ¢, and modulus |z;| of the complex impedance z, are related by
za = |za] exp (jba)- (15)
Apparent values for conductivity and permittivity are defined for the model by
g f:;lz sin 2¢a, (16)
' o
€ = Hapcos 2¢ha. (17)

The phase ¢, is zero for an EM wave incident on a loss-free dielectric half-space, and is
45° for an EM wave incident on a conductor in which dielectric displacement currents are
negligible. For a lossy, layered model, the phase may range from negative through positive
angles as the frequency is varied.

In the remainder of this paper, only the amplitude reflection coefficient r is examined as a
function of frequency for illustrative models. The computer calculations cover the frequency
range of 10% to 101° Hz. Values of conductivity and relative dielectric permittivity are
specified at the beginning of each decade, and interpolation is made by the computer as a
power function within each decade.

Results are given in the form of curves of amplitude reflection coefficients 7 versus frequency
[ for selected models. A variety of earth types and snow-layer combinations has been chosen
to illustrate the effect on the curve of r against f, and we have purposely prescribed a con-
siderable range for snow and earth electrical parameters. The specifications of permittivity
and conductivity for snow and earth types do not necessarily describe real specimens.

It should be noted that the “forward” solution, which calculates curves of r against f
for a prescribed model, gives unique results. However, considering the “inverse” problem, ifa
certain curve of r against f is specified (or obtained by field measurements of the reflection as a
function of frequency), the calculation of a model is, in general, not unique. Various mathe-
matical techniques used for the inverse problem have been published; for example, see Colin
(1972).

The basic objective of this paper is to present curves of r against f for a variety of models
to show the sensitivity of EM reflection under different conditions. This heuristic approach
can be useful in many ways. For example, it can serve as a guide, if other considerations are
favorable, to sclection of frequency ranges in a contemplated experiment. This is particularly
important to avoid “‘data aliasing” produced by insufficient sampling, that is, by measurements
too coarse in frequency. Conversely, unnecessarily fine steps in frequency can be identified
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and avoided for economic reasons. More generally, the curves of r against fare relevant to all
radio-echo sounding amplitudes, inasmuch as even short pulses can be Fourier analyzed into
steady-state frequency distributions. Passive microwave measurements may be affected by the
layering of the target region, in which case inclusion of interference effects to be presented in
the following material may be necessary for proper interpretation of the results.

ELECTRICAL PARAMETERS

A relation for the relative dielectric permittivity £, density p in Mg/m?, and liquid-phase
water (or wetness ) of snow (in volume per cent) is given by Ambach and Denoth (1972)
as follows:

K = 1.00}2.22p+0.213W. (18)

A slightly modified form of the preceding equation, which is based on our field tests of snow
clectrical properties, is used in this paper:

K = 1.00+4-2.00p+0.213W, (19)

and is assumed to be independent of frequency in the range of 10° to 10" Hz. In this frequency
range, solid ice is assumed to have a dielectric constant of 3-2, independent of frequency.

TabLe I. ELECTRICAL PARAMETER VALUES

Frequency, Hz

Label Density K W 100 107 10% 109 100
Mg/m? %o
Snow A 0.25 1.50 o 1072 3.16 x 1073 o 3.16 x 1074 1074 tan &
8.35X107 264100 8.35x10°6 2.64% 105 8.35 % 1075 o
Snow B 0.50 2.00 o 102 3.16 x 1073 107 3.16 104 1071 tan &
LI2X1070 3.52 X107 1,12X10°5 3.51X10°5 1.12X 104 a
Snow C 0.50 2.00 o 10! L o 102 3.16 %103 1073 tan &
LIZX1075 3.52 X107 Li2xX107% g.52%10% I.12% 103 o
Snow D 0.50 2.21 1 1071 368107 1.35%107? 5.00%10° 3.16% 10~ tan$
1.23 X105 4.52 X105 1.66x 107! 6.14%x10" 3.88x 102 a
Snow E 0.50 2.42 2 107! 4.60x10* 210x107 1.00%107® 6.31 X 10~? tan B
1.35%10°35 6.19x107% 283x10% 1.85x10°% 8.50 x 1072 4
Snow I 0.50 2.85 4 1o ! 580x10? 3.40%10°% 2.00x10? 1.26x 10! tan
1.59 1078 919X 1075 539x10° % 3.17%10% 2.00% 10! a
Snow G 0.50 4.13 10 fort 7:79 %107 6.18x107* 5.00x1072 3.16x 107! tan §
2.30 X107 179X 107" 1.42X107% I.15%X107* 7.26x 107} a
Ice 0.92 3-20 2.00% 107! 2.00 X102 2.00%10™® 4.00% 107" 2.00%10~" tan §
3-56 X105 3.56 X105 3561075 7.12 % 105 3.56 < 1073 a
Earth I 10 1072 1072 1072 102 1072 tan &
5:57X10°° 5.57X 1075 557X10% §57X107% 557X 1072 a
Earth I* 20 102 ) {0 1072 1072 1072 tan &
LIIXI07S LIUXIO™ LIIX107% 1.011X10°% I.11X 10} a
Earth 11 10 1071 101 107! 107t 101 tan &
5-57%107% 5.57X107% 557X107% 5.57X107? 5.57 X 10-1 a
Earth III 10 1.0 1.0 1.0 1.0 1.0 tan §
5.57%107% 5.57x107% 557x107% 5.57% 107! 5.57 a
Earth 1V 10 10! 316 10> 1072 3.16 % 107® Ko ® tan &
5:57 %1075 1.76 X107 5.57% 107" 1.96 % 107" 5.57 X 1073 o
Earth V 10 1.0 3.16 % 1071 1071 3.16 X 1072 1072 tan &
5-57 X107% 1.76 X107 557X 107% 1.76 107! 5.57 X 10-2 a
Earth VI 20 10.0 3.16 1.0 3.16 < 1071 tan 6
1.12X10°% 3.54x10 % 112x100 3.54% 107 1.12 a
Earth VII 15 0 3.16 X 10! 107t 3.16 < 10°* 1072 tan &

1.
8.36 <107 2.64x107% 8.36 <1079 2.64x10* 8,36 10 2 g

Notes: Values of ¢ in S/m (= Q- m 1); values for K are independent of frequency.
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To display the effects of various conductivities and dielectric constants, we have arbitrarily
postulated seven types of snow, listed in Table I; values for ice are also included. These are
intended to include the range of snow parameters likely to be encountered in field situations.
For dry snow (A, B, and C, Table I), we use the relation between loss tangent and frequency
given by figure VII-8 of Mellor (1964) ; for moisture-free ice, we use figure 7 of Evans (1965),
values given in Table 1.

The data given in figure 5 of Cumming (1952) are used for the effect of liquid-phase water
in snow (D, E, F, and G, Table I). Our computer calculations require only the values at the
end frequencies 10° and 10" Hz. For values within this range, linear interpolation on the
logarithmic scale (i.e. a power function) is done by the computer. Thus, for snow having
volume percent wetness equal to or greater than 19%,, we use the following relations:

tan § = 5.00 X 1073 W at 10° Hz, (20)
tan 8 — 3.16 X 102 at 101 Hz. (21)

The earth electrical values in Table I are quite arbitrary. Earths I, T*, 11, and 111 are
assumed to have tan & values that are constant in the frequency range of 10 to 10 Hz.
Earths IV, V, VI, and VII are approximations to “real’ earths, VI being more conductive.
The ranges of electrical values, although arbitrary, are intended to include most of the
commonly occurring earths.

It should be noted that the selected electrical parameters of snow, ice, and carth do not
necessarily represent actual physical specimens. Rather the various types are assumed media,
selected to encompass the range of electrical parameters that can be expected in reality. Ina
flight experiment, one would periodically take data over suitable sites prior to and im-
mediately after the first significant snowfall to determine the conductivity and dielectric
constant of the earth as functions of frequency.

REsuLTs

Results of calculations for illustrative models are presented to show how the frequency
variation of the amplitude reflection coefficient is affected by layering combinations. Addi-
tional results for about 100 models are given by Linlor (1975).

The format for an individual model describes the snow type by a capital letter; earth
type by a roman numeral; thickness in meters by a value in parentheses; and sequence by
diagonal slashes, starting with the top layer. For example, a layer of snow D r.om thick,
over a layer of snow G 1.0 m thick, over a layer of ice 0.2 m thick, over earth type I would be
designated: D(1.0)/G(1.0)/Ice(o.2)/I. The phrase “amplitude reflection coefficient” or
“reflection amplitude” is abbreviated as r value in the text.

TasLeE II. Six-MIiLE VALLEY MODEL

Layer Measured relative Measured Wetness
number Thickness  dielectric permittivity density W
m Mg/m?
1 (top) 0.20 1.54 0.42 o
2 0.20 1.66 0.40 o
3 0.20 2.44 0.48 2
4 0.20 2.38 0.46 2
5 0.20 2.31 0.44 2
6 0.20 1.78 0.46 o
i 0.20 1.78 0.45 o
8 0.20 1.90 0.43 o
9 0.20 1.96 0.50 0
10 (bottom) 0.35 1.96 0.50 o
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The first of the models is based on in situ measurements of the relative dielectric permittivity
on an existing snow course, located in the Sierra Nevada Mountains, named ““Six-Mile
Valley”. On 14 March 1973, vertical profiles of density and relative dielectric permittivity
were taken, the latter with a capacitance meter operating at about 5 10® Hz, whose plates
were inserted into the side wall of a hand-dug pit. The data are given in Table IT. Apparently,
a zone of wet snow was present in layers 3, 4, and 5. Similar layering, though not as pro-
nounced, was noted on other snow courses in the vicinity. Most of the measured courses
located in other areas displayed less variation in relative dielectric permittivity with depth
compared to the Six-Mile Valley data.

1.0
#3
w
=
E .8
_
o REVERSED
= 7L
I -
= INTERSPERSED
© .6
o
g s
L ORIGINAL
i
o3 1 I I 1 I I 1 L | I
0] I 2 3 4 B 6 fi 8 9 10
Hz x 107
Fig. 4. Six-Mile Valley, layering on earth VI,
8r
i
=
=}
=
& S
=
<t
= 4r
©
5.3k
w
s
Il .2
o
sl i
1 ! I I 1 1 1 I I |
0 | 2 3 4 5 6 7 8 9 10
Hzx 107
Fig. 5. Six-Mile Valley, original layering on earths IV, VI, and VII,
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Three models are based on the data given in Table II. The “original” layering is that
shown. The “reversed” layering model has the following sequence of relative dielectric
permittivities starting at the top: 1.96, 1.90, 1.78, 1.78, 2.31, 2.38, 2.44, 1.66, 1.54, 1.96; each
of the nine “reversed” layers is 0.2 m thick. The “interspersed” layering model has the
following sequence of relative dielectric permittivities starting at the top: 1.54, 1.96, 1.66,
1.90, 2.44, 1.78, 2.38, 1.78, 2.31, 1.96; each of the nine “interspersed’ layers is 0.2 m thick.
All three models have earth type V1.

The frequency variation in r values for these three models is shown in Figure 4. The first
minimum is essentially unchanged by the layering interchanges; however, higher-order
minima vary. The dependence of the r values on the earth characteristics is shown in Figure 5.
Here the original layering (Table 1) is assumed to have earth types IV, VI, and VII. The
curves have essentially the same shape for all three earth types. Results for the remaining
models are described in Figures 6 through 12 as outlined below.

Figure 6: Snows D, G, and ice over earth I, 107 to 10® Hz.

Figure 7: Snow C and ice over earth I, 107 to 10® Hz.

Figure 8: Snow C and ice over earth IT1, 107 to 10° Hz.

Figure 9: Snows A, B, C, D, E, and ice over earth ITI, 107 to 10% Hz.

Figure 10: Relative dielectric permittivity of snow proportional to depth, 107 to 108 Hz.
Figure 11: Snow G over earth VI, o to 10" Hz.

Figure 12: Snow G over earth VI, 1.0 to 2.0 108 Hz.
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Fig. 6. Snow D (1.0 m), snow G (1.6 m), and ice (0.2 m) over earth I.

Figure 6 shows three curves of r values against frequency for models that represent a
layer of ice, 0.2 m thick, in various positions with regard to a layer of snow D and snow G,
each 1.0 m thick, over earth I. The frequency at which the first minimum occurs is essentially
the same for all three models.

Figures 7 and 8 show how the relative Jocation of an ice layer, 0.2 m thick, affects the r
values, when earth I or earth III is assumed to be present. The six curves correspond to the
ice layer being next to the earth initially, then moved upward in 0.2 m increments, and
finally being on top of the snow layers.
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Fig. 7. Snow C (1.0 m) and ice (0.2 m) over earth I.
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Fig. 8. Snow C (1.0m) and ice (0.2 m) over earth 111,

Figure g shows a greater variety of snows, ecach 0.2 m thick, with the ice layer in successively
higher positions within the assembly. The effect of removal of the ice layer is also shown;
in this case, the total snow thickness is 0.2 m less than for other models in Figure g as is evident
by the displacement of the minimum to a higher frequency.

The effect of a gradual increase in diclectric permittivity with depth is analyzed in Figure
10. A total depth of snow of 2.4 m is assumed; the relative dielectric permittivity varies
uniformly from the value 1.0 at the top (y = 0) to the value 5.0 at the bottom (y = 2.4).
For the computer calculations, the model is divided into 24 layers, each 0.1 m thick. The
dielectric constant for each layer is taken to be the value at the middle; mathematically,

K= I.00+2_4;} (22)
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Fig. 9. Snows A, B, C, D, E, and ice over earth III.

and y, = 0.05, y, = 0.15, y; = 0.25, etc,, so the relative dielectric permittivities for the 24
successive layers (starting with the top one) are: 1.08, 1.25, 1.42, 1.58, 1.75, 1.92, 2.08, 2.25,
2.42, 2.58, 2.75, 2.92, 3.08, 3.25, 342, 3.58, 3.75, 3-02; 4.08, 4.25, 4.42; 4-58, 4.75, and 4.92.
The relative dielectric permittivity of earth is taken to be 15.0. The snow and the earth are
assumed to have values of tan 8 equal to 1073 for the frequency being investigated.

The second model for Figure 10 is the more unlikely “inverted” snow sequence; the
relative permittivity is assumed to be 1.0 just above the carth, and varies uniformly to the
value 5.0 at the top of the snow. The third model for Figure 10 employs the same set of
dielectric permittivities as for the preceding two models, but the layers are assumed to be

REFLECTION AMPLITUDE

gl i (SEE TEXT)

& 1| 2 3 4 5 B T B 9 I
Hz x107

Fig. 10. Relative dielectric permittivity of snow proportional to depth.
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interspersed. Starting with the top layer and proceeding downward, the relative permittivities
of the successive layers are: 2.92, 3.08, 2.75, 3-25, 2.58, 3.42, 2.42, 3.58, 2.25, 3.75, 2.08, 3.92,
1.92, 4.08, 1.75, 4.25, 1.58, 4.42, 1.42, 4.58, 1.25, 4.75, 1.08, and 4.92, with the relative
dielectric permittivity of the earth being 15.0.

Although the three models for Figure 10 represent quite hypothetical cases of extreme
gradational layering, the frequencies at which the first minima in 7 values occur are not widely
spaced; the actual values are: 1.5, 1.8, and 2.4 x 107 Hz, the average being 1.90 % 107 Hz,

The effect of measurable attenuation in a snow layer is shown in Figure 11 for a model
consisting of a layer of snow G 3 cm thick on earth VI. The first minimum in 7 values occurs at
1.2010° Hz, in good agreement with the value obtained from Equation (3), which is
1.23 10° Hz. For the second minimum, the curve and Equation (3) both yield the value of
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Fig. 11. Snow G (0.03 m) over earth VI,
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Fig. 12. Snow G (1.0 m) over earth VI,
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3.69 x 10 Hz. Thus, even though the snow is lossy, reasonable estimates of the relative
dielectric permittivity based on loss-free assumptions can be made. This is also evident for a
thicker, lossy snow layer as illustrated in Figure 12 for 1 m of snow G over earth VI.

Figure 12 shows that the difference in frequency for adjacent minima in r values is
7.4 % 107 Hz, in good agreement with the value obtained from Equation (10), which is
7.38 % 107 Hz. The effect of attenuation in the snow is evident from the change in values of
the minima.

DiscussioN

The illustrative models presented in this paper indicate that snow layering affects the
reflection magnitudes of EM waves as follows:

t. For the first minimum, the magnitude and frequency are substantially independent of
the layer sequence, or the introduction of measureable loss in the snow.
2. Higher-order minima are quite dependent on the details of the model.

The calculation of the parameters of an unknown model from the frequency variation of
the 7 values (i.e. the “inverse problem™) is not within the scope of the present paper, which is
limited to the presentation of curves of r against f for illustrative models.

A few comments may be appropriate regarding limitations arising from practical matters.
In this context, target characteristics such as size and smoothness may be of concern.

For specular reflection, most of the returned wave comes from the first Fresnel zone,
whose area is

S = mH2/2, (23)
where H is the aircraft altitude and A is the transmitted wavelength. For a single homo-
geneous snow layer, the first dip in the plot of r against f plot occurs at a wavelength that is
four times the snow thickness multiplied by the square root of the relative dielectric permitti-
vity. For given layered media, one may use an effective dielectric permittivity given by

Zdﬂ]f‘ii %
Ke = _lz—da ’ (24)
1
where h; and K are the layer thicknesses and relative dielectric permittivities, respectively.

As an example, if we assume that a helicopter is at an altitude H of 150 m, and that the
snow has a depth of 2 m with an effective relative dielectric permittivity of 2, the Fresnel
zone area is about 2 500 m?. The free-space wavelength for the first minimum in this case is
11.4 m. If we employ the criterion that the roughness should be less than 0.1, then under-
brush, boulders, etc., should have a characteristic dimension of about 1 m or less. Even in
mountainous regions, there appear to be many locations that satisfy these requirements.

In a practical system, the matter of target characteristics must be analyzed more com-
pletely than given in this order-of-magnitude evaluation. For example, the slopes inherent
in the various objects contributing to the roughness may be more important than the ampli-
tude of the scatterers.

The remote sensing of snow-pack characteristics, with a surface-located automatic electro-
magnetic station may provide information regarding depth, density (from the relative
dielectric permittivity), and wetness of the snow. The target area can, of course, be properly
prepared with regard to smoothness and the electrical parameters for the earth measured
directly when the snow data are being obtained. Such a system would have the important
advantage that the snow pack could be monitored as often as desired, without disturbance
to the snow itself.

MS. received 13 August 1974 and in revised form 28 April 1975
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