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MICROWAVE SCATTERING PROPERTIES OF SNOW FIELDS :

D. J. Angelakos

Electronics Rescarch Laboratory,
University of California’
. Berkeley, CA 94720

ABSTRACT

A review is prescented of the results obtained in the research program of ’
nicrowvave scattering properties of snow fields. The program is a cooperative effort
between a group at the University of California, Berkeley (D. J. Angelakos, T. D.
Clapp, K. K. Mei, and S. Coen) and NASA-Ames (W. I. Linlor). A goodly portion of
the research was undertaken at the Central Sierra Snow Lab and with the active
cooperation of the U.S. Forest Service (J. L. Smith). )

, Experimental results are presented showing backscatter dependeiice on a)
frequency (5.8-8.0 THz), b) angle of incidence (0-60 degrees), c¢) snow wetness
(time of day), and d) frequency modulation (0-500 MHz). Theoretical studies are
being wade of the inverse scattering problem yielding some preliminary results
concerning the determination of the dielectric constant of the snow layer.

The experimental results lead to the following conclusions: a) Snow layering}
affects backscatter, b) Layer response is significant up to 45 degrees of incidende,
¢) Wetness modifies snow layer effects, and d) Frequency modulation "masks" the 3§
layer response. o

Introduction

~-At the Electronics Research Laboratory, University of California, Barkeley, the
research program of microwave scattering properties of snow fields along two

directions. One is the experimental determination of the microwave propertics of

19577

snow fields and the other is a theoretical program of mathematical modeling and the

8

inverse scattering problem. The ultimate goal of the project is the coalescence of &
the two into.a useful diagnostic technique for the determination of water content

in snow.

Experimental Porticn of the Project - D. J. Angelakos, F. D. Clapp, W. . Linlor

and J. L. Smith: The primary objective of the experimental program was to determine
the effect of snow conditions on the amount of backscattered electromagnetic energy.
In’éddition the investigation was to seek out any effects on the backscatter due to
snow 1§yéring and to determine the dependence on frequency and frequency deviation.
Iﬁ proceeding towards the objective several additional. phenomenological effects
'appeared which added insight to backscatter signal response. What follows is a

sampling of results which indicates the partial attainment of our goal.
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iEguipment: Most of the data were taken for swept-frequency ranging from 5.8 to

/8.0 GHz. The sweepers were the "Alfred" and the "Hewlett-Packard" sources.

These

§were connected with coax cable to horns having nominally 20-dB gain. The receiver

by .
‘horns were coupled to crystal detectors and HP SWR meters, whose ocutput was plotted

‘on XY plotters, on a logarithmic scale. For some measurements a converter unit was -

:eﬁpIchd (Wiltron manufacturer) that permitted a vniform dB scale for the Y-axis.

For the 13.5 GHz measurements a fixed-frequency solid state oscillator was

used (Varian manufacturer). Time was not avajlable to take measurements at other
I

frequencies, either fixed or swept.

%Sitcs:_ Two sites were used: ome is called the "tower site" whick is on the roof of

‘the snow hut, for which only two fixed angles (39° and 45°) could be used; the other

%ia:called the "ladder site" where all desired angles could be obtained. '

The limited available time - dictated by the snow depth — for measurements

ae.
b.

Ce.

d.

_jtruth (i.e., snow electrical characteristics).
itruth had to be limited to:

Density profile of the snow

of the snowpack

Wetness measurement of these samples

in dB versus frequency

from the vertical, and

horns (20 dB gain each

;sutféce.

: ‘The various peaks
&alués are about 25 dB
i " To then determine

@oduiaticn) had on the

and also the limited manpower made a choice necessary between taking data or ground

Under the-circumstances the ground

Visual inspection of layers in the snow and granularity

Dielectric constant measurement of a few samples, near the top and middle

Discussion of Experimental Results: The solid line of Fig. 1 shows the backscatter:

in the range of 5.8 to 8.0 GHz, at the fixed angle of 39°

a snow depth of 70 cm.

The electric field vector of the

for transmitter and receiver) was parallel to the earth

are produced by layering effects in the snow. The peak

greater than the minima.

what effect frequency deviation (more specifically, frequency

measurement the signal source was reset to the frequency for

each maximum and minimum, but a modulation of +100 Hﬂz'was superimposed for the +

§points; and a modulation‘gfdi200 Mdz was superimposed for the O points.

Evidently

the effecthf freqpency modulation is merely the averaging of the unmodulated

* .

o
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; résponse over the bandwidth represcnted by the modulation.

In the course of taking mecasurcments, whether at normal incidence or otherwise

§ it was observed that the backscattering data depended on the observation time and
? gggggpaturc. Figures 2, 3 and 4 show the backscatter response at normal incidence.

| The éxperimental conditions for the three sets of data were identical except for the
P

; tive taken and accompanying ambient temperature. Variation of backscatter with snow

. conditions, at 13.5 GHz and incidence angle of 39° is shown in Fig. 5.
| .
i The decrease in backscatter shortly before noon was initially observed by us in

{

March 1976 for a snowpack 150 cm deep, and has been confirmed at other frequencies
By several groups (Currie et al., 1976, Ulaby et al., 1977). Lvidently the increase i

| 4n surface snow wetness by solar heating is the reason for the backscatter decrease,

‘S totaling about 15 dB. The air temperature variation-included is useful in

i

correlation the phencmenological effects.

Snow wetness produced during a few hours of sunlight can significantly affect
the frequency response. March 5, 1977, when the measurecwents were taken, was a
clear, warm day with a temperature of about 10° C between noon and 16:00, so the
snow was essentially saturated with water in the upper surface.

Figure 6 shows typical data demonstrating that variation in backécatter as a
function of frequency can be observed even fofvother than normal incidence (39°). P
Significant backscatter data has been obtained for incidence angles approaching 45°.

; A continuous variation of iancidence angle from the vertical is shown in Figure
7,i giving the backscatter in relative dB for the fixed frequency of 11.8 GHz (no
nwdulation, with snow depth of 53 cm. The backscatter is down about 20 dB-at the ; Lo

angle of 40° from the vertical. .

Theoretical Portion of the Project — K. K. Mei and S. Coen: It is suggested that

;ceitain useful propertiecs of the snow-pack may be épproximately determined by using

inverse scattering theory; the inverse problem is that of determining the properties

of inaccessible snow pack from the back-scattered electric field due to normallf co

1nhident plane waves at varies discrete frequencies. )
| Let the back-scattered frequency response of the snow-pack be taken as the

zréflégtion coefficient amplitude ]p(mi)l, i=1,2,...,N. Neglecting for the moment

;tﬁé experimental errors, the question is: how can we learn as much as possible

‘about the characferisties of the snow-pack from a set of numbers [p(mi)l,

5_;41 =1,2,...,N? Alternatively what do the numbers ‘p(mi)f, 1 =1,2,...,N tell us

SRIT FO
w3



W 'i.:ji TN

AN__,AA__

j
|about the dielectric constant and conductivity of the snow-pack? The density and
vetness of the snow may be then aPPfO\lﬂﬂCClj determined by using Weiner's theory qf

dielectr;c mixtures or other dvallable experlmental relatlons.

In what follows, we show that there is enough information in the numbers

§|p(mi)|, i=1,2,...,8, to construct local averages of the snow profile.

Here the experimental errors are neglected and a mathematical model that

gdéscribes the physical behavior of the sncw-pack is chosen. The simplest model

. that we choose, is that of a plane stratified smow-pack, whose properties are

characterized by a linear, isotropic and nonhomogeneous dielectric, nedlum, as shown
in Fig. 8a. Maxwell's equations now show that, for time harmonic dependence eJ t,

the electric field E, satisfies the one dimensional wave equation
a2 2 . . i -
- 5 v e} E(k) =0 . (1)
ox . ) .

o (x)

whefe k = m(uoeo)1/2 is the free space ‘wave number and q(x,k) =ec(x) - 3 e is the

B . (e}
profile function. Here e(z) is the dielectric constant of the snow and o(x) its
conductivity. _

Consider two media as shown in Fig. 8b.c. The electric field in the respective

medium satx ;fies ; Py i

Y 2. ‘ = = '
{3"2 + k°q_(x,10) E_(x,k) = 0 n=1,2 ()

_and the scattered fields are outgoing. Equation (2) can be reformulated into an

integ#al equation form suitable for iterative solutions,

§o (k) = —“;ﬁ sa(e, k) EXl0dx + atl) (3)

0

vheie we have used the relation E2 = El+6E and §p = p2~pi and pz(k) were given frqmw

ﬁeésurement without error. It may be shown that the term a(h) goes to zero as
|6q52, where I:1 is the L2 norm. Thus, if &q is smdll enough, this term may be

dropped and we obtain a linear approximation

ap<k>‘=-2~‘§jd saGok) EXGe k) @x (%3




which I{s a linear Fredholm integral equation, for the ‘determination of §q from the

fgﬁven functions &p and El' Once 8q is found, tﬁe profile 9, is given by
%qz = q1+5q. However, equation (4) is not exact, so the profile 1, will not in
Gtgeneral, satisfy the equation (2). To overcome this, we solve the equation by
éiterat!ona, until convergence occurs. In practjre fgm iterations will suffice.
{ In practice, the amplitude of the reflection coefflclent s much to be

:preferred than its phase, and eQuation (4) can be rewritten into the form o

h , .
gi,=§: se(x) T, (x)dx 1=1,2,...,0 z . (5)
0
o py(le;) L 2
whe = e = a p = Rg . B H 2
where g4 log pl(k 51 e = ey=ey and F,(&) '\Q{ESEETETT nl(ki,x)} here

the frequency k is discretized and the medium is assumed lossless. The approach to
. "be discussed is however applicable to lossy medium as well.
. We now show how to solve Eq. (5) by the Backus and Gilbert approach. Multiply

the equétion by Cﬂi(g) and sum over ij this results in

| " oh

i ' (Ge)g = " Se(x) A(E,x)dx , ’ (6)
Jo , ) :
§ where

(6€>£ = {.: di(i) 8 f | | (7)

i1s the local average of 6e, and

NI a, e F T ¢
B =1 e e

isi the averaging kernel. }
The coefficients Cli(g), i=1,2,...,N are determined, such that the aberag?ng
kernel resembles the Dirac-Delta function most closely. One way of doing this is by ..
minimizing the quadratic form : E - r
, § e , . ; :
R 22 O | : o N
So'(g_X) AT (E,x)dx - Ve s ‘ }(9)
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subject to

A(E,x)dx = 1

g (10)
0 .

for each £; this minimization problem may be reduced to the linear equation upon

introducing a Lagrange nmultiplier.
Once the coefficients 6%‘&) are determined, the local average (Ge)g is .

computed via equation (7).
In Figs. 9 and 10 we present results for 3 different snow profiles; the results

shown in Figs 9a and 9b have been ubtained with data at 3 frequencies only,

' whereas, thc results shown in Fig. 10 have becen obtained with data at 7 frequencies.

The approximsate results obtained from our analysis are in good agreement with the
exéct results for swmooth profiles, as is evident from Figs. %a and ¢b. The poor

resolution near the edge: of the ice layer (Fig. 10) may be improved by using more
data.. It will be noted that the computation cost is about 5 dellars per profile

on CDC 7600.
We are currently investigating the influence of experimental errors on the

resulting snow profiles.
We find that there is a tradeoff between resolution and uncertainty, which is

injagreemeut with the Backus and Gilbert theory.
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