POLARIZATION OF RADIO WAVES PROPAGATED THROUGH
GEORGE VI ICE SHELF

By C.S. M. DOAKE

ABSTRACT. A simplified method of measuring the polarization of radio waves propagated through a glacier was
successfully tested on George VI Ice Shelf. An aerial system of three fixed folded dipoles at 45° intervals in a horizontal
plane was used to determine the birefringence of the ice, the direction of the effective optic axis and the anisotropy in the
reflection coefficient. This system can be used to record polarization data continuously, whether on a sledge or airborne
traverse.

PREVIOUS work on the polarization behaviour of radio waves propagated through ice sheets has
always been carried out by manually rotated aerials on the ice surface (Jiracek, 1967;
Bogorodskiy and others, 1970; Kluga and others, 1973; Bentley, 1975; Hargreaves, 1977;
Woodruff and Doake, 1979). Not all workers have appreciated the extent to which the
orientation of the transmitting aerial could affect the received signal (Hargreaves, 1977; Doake.
1981), so that the only reported sets of data complete enough to determine accurate polarization

arameters are those by Hargreaves (1977), who rotated an aerial system of crossed dipoles, and

y Woodruff and Doake (1979), who rotated separate transmitting and receiving aerials. These
methods are tedicus and cannot be used for continuous data gathering while on a traverse. The
work reported here measured polarization parameters using an aerial system of three dipoles,
fixed at 45° intervals, in a plane parallel to the ice surface. The theory behind the operation of
this method has been explained by Doake (1981). The advantages of the method are that con-
tinuous recording is possible, either on the ground or from aircraft, allowing polarization para
meters to be mapped over large areas of an ice sheet in the same way as ice thickness.

Aerials were designed for de Havilland Twin Otter aircraft but unfortunately they could not be
tested. Instead, the concept was tested using a simplified method at a single site on George VI Ice
Shelf in January 1981. On this occasion, normal radio echo-sounding equipment was used, but
for continuous recording, two transmitters and three receivers would be required. In addition,
provision was made for recording echo strength digitally on a magnetic-cartridge data logger.

Birefringence of ice

Changes in the polarization of radio waves propagated through glaciers have been explained
by assuming that ice behaves as an uniaxial birefringent material at frequencies in the VHF band
(Hargreaves, 1977; Doake, 1981). The birefringence is assumed to be caused by anisotropy in
the permittivity of single-crystal ice. This anisotropy is too small to be detected in laboratory
samples (Johari and Charette, 1975) but could be large enough to be significant in ice sheets
several hundred metres thick. In a glacier, the overall birefringence would also be controlled by

.the crystal fabric (Hargreaves, 1978). Because this depends on stress and flow history, measure-
ments of polarization parameters such as birefringence and direction of the effective optic axis
should give an insight into the dynamic behaviour of ice sheets. Anisotropy in the reflection
coefficient might be related to bedrock lithology and therefore offers a means of gathering sub-
glacial information of geological signifiicance. The flow law for ice is usually taken to be indepen-
dent of crystal size or orientation; it is suspected, however, that this simplification may not be
entirely valid. By mapping the birefringence of ice sheets, it may be possible to deduce when the
creation of suitable fabrics becomes important to their flow. There is a related anisotropy in
seismic and ultrasonic wave velocities (Bentley, 1975) but data are sparse and difficult to
analyse.

Experimental method and results

Three half-wave folded dipoles were fixed to a sledge in the pattern shown in Fig. 1. The radio-
echo equipment was mounted on another sledge about 10 m away. The procedure was to record
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Fig. 1. a. Diagrammatic lay-out of aerials (A, B, C) on the sledge. Each aerial was 2.5 m long; the separation
between the centres of B and A.C was 1.76 m. The bearing of A was 200° in the direction indicated by
the arrow.

b. The aerial system is considered to be at an angle p to the coordinate system (x, y).

the echo strength received on each aerial when transmitting on each of the three aerials in turn..
Thus. a total of nine values was obtained. The echo strength was determined by increasing the
attenuation in the receiver until the echo was reduced to noise level.

The results are shown in Table 1. Two complete sets of data were obtained and give an indica-
tion of their reproducibility. The first two columns indicate which aerial was used for trans
mitting and which for receiving. Because the aerials should show reciprocal behaviour for trans
mitting and receiving (i.e. transmitting on A and receiving on B should give the same result as
transmitting on B and receiving on A), the average powers (in dB) shown in column 5 have been
calculated taking this into account. The last column identifies the measurements with the
nomenclature used to analyse the results.

Theory

Consider the radio waves to propagate vertically through the ice, which is taken to be a simple
birefringent material, snd to be reflected at normal incidence from a smooth reflector. The
direction of the effective optic axis is taken to be the x-axis of the horizontal rectangular
coordinate system (x,p), and the aerial system is orientated at an angle B to the x-axis (Fig. I).
The ratio of the reflection coefficients Ry, R, in the x and y directions is r = Ry/R, and the total
phase shift experienced by the radio waves in their two-way path through the ice is 8. Equations
relating the unknown quantities (7, B, 8) to the measured echo strengths are (Doake, 1981):

P, = P, (2cos* B + 2r* sin*B + r sin® 2 cosd), (1

P, = P, (cos? B (1 —sin2B) + r? sin’ B (1 + sin2P) + r sin2B cos2P cosd), (2)
P, = P, (2cos* sin®f (1 + r?) — rsin*2P cosd), (3)
P, = P, (r* cos’B (1 + sin2B) + sin?B (1 — sin2B) — r sin2B cos2B cosd), (4)
Py = P, (2r? cos*p + 2sin*B + rsin?2 cosd), (5)

where P, depends on the initial field strength and the reflection coefficients. Table I shows the
combination of aerials which corresponds to each measurement of P. Because the airborne
system was designed to transmit on only two aerials (corresponding to A and C), the strength
measured when transmitting and receiving on B is included only for completeness, while the
other two strengths recorded when transmitting on B are used because of the principle of
reciprocity of aerials. These extra values are useful for providing an estimate of the accuracy of
the echo-strength measurements, which is calculated to be +1 dB.
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TABLE I. MEASURED ECHO STRENGTHS

Aevials Echo strength
Transmit Receive Measured Average Normalized
A A 38 36 37 0 P,
A B 43 41
42 5 P,
B A 42 41 |
A L& 41 42
41 4 P,
C A 39 42 '
C B 8 18
39 2 P,
B B 39 40
C & 35 35 35 -2 P,
t B B 49 47
One solution to Equations (1)—(5) is:
2(P, + P)— (P, + 2P, + P,)
PRI i kMl (6)
P,—P,
rt=[(P,+ 2P, + P;) cos2B + (P, —P)|/ (P, + 2P, + P,) cos2p —(P,— P,)| (7)
cosd = [P, (1 + r*)tan*B — P, (1 + r? tan*p)]/[2r tan’p (P, + P,)]. (8)

The form of Equations (6)—(8) shows that, as expected, P, does not appear, and also shows that
all the measured strengths appear as ratios of each other. This enables one of the measurements
to be chosen as a zero reference by subtracting its value (in dB) from the other measurements.
Table 1 shows in column 6 that P, has been made zero and the other values normalized
accordingly. There are now three unknowns (r, B, §) and four independent measurements,
allowing, in principle, a least-squares solution with an estimate of the accuracy. A possible
procedure is given in more detail in the Appendix.

Discussion

A simple solution to Equations (6)—(8), found by substituting values from Table I, is given in
the first row of Table II. The error limits have been calculated by allowing the measured values
f P to vary one at a time by +1 dB and taking the greatest deviations found overall. There is an
unresolvable ambiguity of 90° in 8, and a corresponding ambiguity in the value of r which would
then become 1/r. This arises because Equations (1)—(5) are unchanged (except for P,) by
substituting (B + 90°) for § and 1/r for r.

TABLE II. COMPUTED VALUES OF THE BIREFRINGENCE PARAMETERS FOR GIVEN YALUES OF POWER Pj

Measu(gré i:mwers Solution
P, P, P, Py P 2 P -
0 5 4 2 2 063 021 —41° 4 3° 126° + 207
0 5 5 3 0 1 —40° 130°
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Allowing for these ambiguities, the results show that the optic axis is aligned at either 69° or
159° and that ris 1.58 or 0.63, respectively. For comparison, the ice-flow direction measured on
a nearby stake scheme is 300°. A similar lack of correlation between the optic axis and flow
direction on the Bach Ice Shelf (Woodruff and Doake, 1979) was explained by suggesting that
the orientation of the optic axis is controlled by the fabric formed when the ice shelf crosses the
hinge line and that subsequent rotation causes the misalignment. Only a mapping of the polariza
tion behaviour along an ice-flow line would show whether or not the optic-axis orientation was
related to the flow direction. The value of 8, taken with the ice thickness of 320 m, gives a
minimum anisotropy in the single crystal of 0.3%. The value found on the Bach Ice Shelf was
0.5% (Woodruff and Doake, 1979), suggesting that a weaker fabric exists at the George VI Ice
Shelf site.

It is difficult to understand the significance of the value of r. Although r has been taken to be a
measure of the difference in magnitude of the reflection coefficients along and perpendicular to
the optic axis, there is no obvious reason why they should differ in a place where normal radio
echo depth sounding indicated a smooth bottom surface. However, any difference in gain
between the aerials, if echo-strength values were not corrected accordingly, would affect the
value of r. If we assume that the ice-reflection coefficient is isotropic (r = 1), then P, should cqu:i.
P, (Equations (1) and (5)). The measured 2 dB difference between P, and P, could then be
ascribed to a difference in gain between aerials A and C. Assuming that aerial C has a gain of
—1 dB compared with aerials A and B would give the adjusted values for P, to P, shown in the
second row of Table II. When P, = P;, an alternative expression for & to Equation (6) is given by

tan2p = 2P,/ (P, — P,).
Using this equation and Equation (8) gives a value for § of —40° and for & of 130°, agreeing
very well with the values previously calculated. Calibration tests carried out on the aerials did
not appear to give consistent answers, so no correction was made to the measurements, but the
most likely explanation for r not being unity is that there are variations of = 1 dB between aerials
rather than there being an anisotropic reflecting surface.

Conclusion

A static three-aerial array has been used to determine polarization parameters of George VI
Ice Shelf. The measurements appear to be internally consistent and give sensible results. There is
no means of checking their accuracy but reasonable confidence may be placed in their quoted
limits. The method seems to be well suited for operating from aircraft, which was the original
intention, but care needs to be taken to calibrate the aerials accurately.
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APPENDIX

Let the general form of Equations (1)—(5) be written as P; = P; (r, B, d).
Then, assuming that the necessary derivatives are continuous, P; can be expressed using Taylor’s
expansion as

; ap;| épP; ) 8
Pi(r.B.8) = Pi(ry, By, 8,) + —J &r + |— B + | — 8(3) + 0 |—|,
ar B oo ap r,8, ad rBo ort

where r = r, + &r, etc. The values (r,, B, 8,) are those used to calculate P;. Denoting the
measured echo strength as M;, and only considering first-order terms, the observation equations
may be written

e or + il op +Eﬁ 8(8) = M; — P; (ry, Bps 8,) (A1)
ar |pg, B |rs, 8 | rp, T T

where (8, 8B 8(3)) are the corrections made to the estimates (r,, B,, 8,). These observation
equations are in a standard form and can readily be solved by least-squares methods to give
values for (37, 8f,8(5)): writing Equation (A1) in the condensed form

My Xy + Mpy Xy + Mz X3 == Cj,

op; { ap; [ ép;
where m;) = | — 3 Miy = | = ‘M = | ——
OF 1B, ~(JB rdo L @5 roBo
x, = or xXy=" 0B x;= 0(d)
and Ci - M,‘— P,’ ’

then the “normal™ equations are given (Clark, 1963) by
N (my P x, + N (myy myy) x, + 3 (myy mgy) X, = my, ¢
i i i i
Smypmp) xy + 3 (M) x, +Y (g, mi) X3 =N my, ¢

i i i i
Smyymy) x, + X (mymp) x; + Y (M) xy =Y my, ¢
i i i i

.Jl'. in matrix form:

Ax=0b, (A2)
where the elements of the matrix 4 are
Qji = > Mjj M
i

and the elements of the column vector b are
bi=Ymyc;.

i
Values for mj; can be estimated by calculating values for P; in a small range around r, (B,, 5, kept
constant) then taking the gradient, and so on. If P; are normalized by setting P, = 0, then the
derivatives must be normalized as well. The objective is to use estimated values for (r,. . 8,)
and solve for the corrections (57, 8B, 8(8)). The new values of (r, 3, §) are then used to calculate
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P;. The process continues until >'¢/? (the sum of the squares of the residuals) starts to increase, in
i
which case the previous step has calculated a least-squares fit to the measurements.

Initial values for (r,, B, 8,) were taken from the solution of Equations (6)—(8), and gave
Ve = 0.93. Solving Equation (A2) for (8r, 5B, 8(8)) gave a value for Ve of 3.53. This implies
i i
that the original values were better. Confirmation that the method was working correctly was
given by reversing the procedure, i.e. starting with the values (r, + 87), etc., and observing that
the new solution gave a lower value for M ¢/,

i
An arithmetically simpler alternative is to find best-fit values for r, } and & separately. The
equations to solve in this case are
.’Cj = (:HIU C;)f\_ (mg)z.
i i
using the same nomenclature as before. (This is equivalent to considering only the diagonal terms
in the matrix 4 in Equation (A2).) A value of M¢/? of 0.73, slightly lower than the original figure,

i
was obtained by the values r = 0.665, p =—40.75°, 6 = 126.7°, which do not differ stgniﬁcanll_.
from the original estimates in Table 11.






