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ABSTRACT. Pola r ice is now thought to be m~rginally birefringent at radio echo-sounding frequen cies.
An experiment on the polarization behaviour of 60 MHz radio echoes from the bed of both ice shelf and
land ice in Antarctica sh owed a marked differen ce in th e r eturn ed polarizatio n. It appears that differences
in electrical properties o r roughness of the r efl ecting boundary cannot explain o ur results. We suggest that
there is a large change in the birefringence of the ice sheet at the hinge zone, ca used by the effect o f tidal
strain on crysta l o ri e ntati on. This would impl y a minimum value of the radio-frequency an isotropy in
p ermittivity for the single crystal of (0. 52 ± 0.8 )% . Therefor e polarization changes could allow fl oating and
g rounded ice to be distinguished.
R ESUME .

L a dep olarisation des olldes radio p eut distinguer entre les couches de glace fiottantes et celles reposant sur le sol.

On pen se maintenant que la glace pola ire est, accessoirement birefringente a ux frequences des sondages p ar
echo radio . Une experien ce sur le comportement a la pola risation d'echos radio de 60 MHz par le lit d ' une
glace de mer et d'une glace de terre dans I' Antarctique a montre une difference sensibl e dans la polarisation
d es ondes renvoyees. Il semble que les differences dans les proprietes electriques et dans la rugosite d e la
surface reflechissante ne p euvent explique r nos resultats. Nous suggerons qu' il y a un changement important
dans la birefringence de la couverture d e glace a la zone charni er e a cause de I'effet des efforts dus a la maree
sur I' orientation des crista ux . Ceci impliquerait une valeur minimum de I'aniso tropi e a la permitti vite de la
fn' quence radio pour le monocristal d e (0,52 ± 0,8)% . Par consequent, d es ch angements de p olarisation
pourra ient permettre de distinguer les glaces flottantes et les glaces d e terre.
ZUSAMMENFASSUNG.
D epolarisation von R adarwellen als Unterscheidullgsmerkmal VOIl schwimmendem und
aufsitzendem Eis. Es gilt h eute clie Auffassung, dass pola res Eis randlich doppelbrechend fur Rad arecho-

fr eq uenzen sei. Ein Versu ch zum Polarisationsverhalten von 60 MHz-Radarech os des Bettes sowohl von
Schelfeis wie von L andeis in der Antarktis ergab einen markanten Unterschied in d er zuruckkommenden
Polarisation. Unterschiede in den elektrisch en Eigenschaften oder Rauhigkeit d er R eflexions-Grenzflach e
kon nen die Ergebnisse sichtlich nicht erkl a r en. Es wird vermutet, class eine starke Anderung des D oppelbrech vermogens des Eiss chilcles in cler Scharnierzone, verursacht von der Wirkung del' Gezeitenspannung
a uf die Kristallorientierung, entritt . Di es wurde einen minimalen W ert der Anisotropie flir R ad arfrequenzen,
ausgedruckt als Diel ektrizitatskonstante ein es einzelnen Kristalls, von (0,52 ± 0,8) % bedeuten. Polarisationsanderungen konnten d aher d ie Untersch eid ung zwischen schwimmendem und aufsitzendem Eis erlauben.
INTROD UCTION

Ice thicknesses in the polar regions are commonly measured by radio echo-sounding using
half-wave dipole aerials. Several investigators (e.g. Jiracek, 1967; Bogorodskiy and others ,
1970; Kluga and others, 1973; Clough, unpublished) have noticed that the linearly polarized
waves transmitted from such aerials are depolarized in the received echo, and have therefore
suggested that naturally occurring ice might be birefringent at radio frequencies. Hargreaves
(1977 ) has used returns from refl ec ting layers within the Greenland ice sheet to put a lower
limit on the anisotropy of the radio-frequency dielectric constant of polycrystalline ice of
0.028 %. H e also shows (Hargreaves , 1978) that the orientation fabric of ice crystals controls
the overall birefringe nce of the ice sheet and that his quoted value is therefore an absolute
minimum for the single crystal of ice Ih.
Because the orientation fabric depends on the strain history of the ice (Budd, 1972 ), the
birefringence of the ice sheet and therefore the depolarization should be a function of position
on the surface. In general there is also depolarization on reflection from a boundary where
th ere is a change in the electrical properties of the media (see e.g. McPe trie, 1938 ; Von H ippel,
1954), and which is rough (Beckmann and Spizzichino, 1963). M easured at the surface, the
polarization of the echo returned from the glacier bed is due to a combination of these three
effects .
This paper discusses the results of an experiment into the pol arization behaviour of radio
echoes from the bed of both ice shelf and land ice in the Antarctic . At normal and nearnormal incidence, the birefringence of the ice would appear to be the domina nt factor in
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d etermining a n y polarization ch anges . The effect of tidal strain on crystal orie nta tion a nd
ther efore birefringence may a llow floating and grounded ice to be distinguished .
THE EXPERIMENT

Our m easurem en ts wer e car r ied out on Alexander I sland in the Antarctic Peninsula . Five
sites were chosen a long a IQ km line ru nning fr o m the summit of a snow dom e out onto the
Bach I ce Shelf. T he line was a long par t of a stake scheme which h a d been set up and surveyed
in the previous seaso n. R e-surveying the stakes a fter approxi m a tely one year gave the ice
m ovements over the scheme, as shown in Figure I .
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1. The stake scheme P on the B ach Ice Shelf showing movement vectors after
orientations (except for a 90 0 ambiguity ) where present.
. . . . . . Ice-shelf grounding line.
-- --- Optic-axis orientation.
-----+ Velocity vectors fo r scheme stakes.

https://doi.org/10.3189/S0022143000029853 Published online by Cambridge University Press

I

year, polarization j-ites, alld optic-axis

DEPOLARIZATION

OF

RADIO

WA VES

A modified Scott Polar Research Institute Mk 4 radio echo-sounder was operated at a
frequency of 60 MHz. Ini tiall y a n intensity-modulated profile of the whole scheme was
obtained for ice thickness, and to ensure that ther e were no anomalous fea tures such as largescale bottom cr evassing near the sites proposed for d etailed polarization studies. The record
showed the fadin g expected fro m small-scale bottom irregul ariti es . The fa ding was spatially
more rapid over the land ice than th e ice shelf indicating a small er horizontal roughness scale
over the bedrock. The ice thickness varied gradually from (35 1 ± 6) m a t PI to (269 ± 5) m
at P8 and th en increased to (293 ± 5) m at PI2 (Fig. I).
For the polari zation experiment separate transmitting and receivi ng half-wave dipole
aerials were used. They were separated by several wavelengths and kept at least a quarter
wavelengt h a bove the snow surface: these were empirical criteria that were found to produce
no detectable antenna loading (to ± 0.5 dB or b e tter) in several control experiments covering
both wet and hard-frozen surfaces. The positioning of the cables relative to the aerials was
also found to be of great importan ce. However , providing that the feeds were from vertically
above the aerial centres and no h ori zontal cables came within half a wavelength of the aerial,
th ere was no d etectable anisotropy in the system.
At each site, for a given orientation of the transmitting aerial, th e receiving aeria l was
rota ted hori zontally through 360° a nd the echo strength was continuously recorded . The
transmitting aerial was then rotated 15° and the receiving aerial again rotated through 360°.
This procedure was continued , at each si te, until the transmitting aeria l had been turned
through 195 °. The echo st re ng th was, as anticipated , symmetric a bout 180° and it was
therefore unnecessary to turn the transmitting aerial the full 360°. The full rotation in the
case of th e r ece iving aerial was to check for a n y experimental a nisotropy a nd also to increase
measurement acc uracy. In thi s way horizontal polar patterns of received power (to ± I dB)
were recorded as a function of receiving-aerial orientation () for each transmitting-aerial
orientation Cl. Calibration pips were put on the () axis of the r ecording film at interva ls of 5°,
() and Cl were measured with r esp ect to the sa m e arbitrary magnetic reference axis a t each site.
POLARI ZA TION RE SULTS

At eac h site the measured angular distribution of returned p ower for anyone value of Cl
took the form o f a dumbbell , from which the parameters of th e polarization c llipsc can be
obtained (see e.g. Stavis and Dorne, 1947 ; Kraus , 1950). The difference between the powers
a long the m ajor a nd minor axis of the dumbbell ranged from 6 to 20 dB . This ratio , va rying
with Cl and site, was less than would be expec ted from perfectl y isotropic propagation and
refl ect ion: the cross-polarized component transmitted or received from a dipol e is typically
some 30 dB down on the prin cipal radiated compo nent (H a rg r eaves, (977 ) . However, it is
the orientation o f the echo maximum ()m , i.e. th e major axis of the dumbbell , with respect to
the reference axis a nd its variation with Cl at the various sites whi ch is of interest here. Figure 2
shows that th e r esults could b e split into two distinct groups according to the direction of
rotati on of ()m. Wh en operating on grounded ice the orientation of th e echo m aximum
rota ted in th e same sense as the rota tion of th e transmitting aerial, while on the ice shelf the
echo maximum ro tated in the opposite direc tion. At only one site, P6 on the steepest-sloping
g rounded ice , was there a significant departure from a linear-relationship between ()m and Cl .
The m eas ured power patterns a re rela ted to the polarization of the returned wave.
H owever , because the dipol e radiation field is asymmetric, it might be expected that the
angular distribution of the re turned power will also depend on the relative orientation of the
transmitting and receiving aerials, even when all polarization e ffects are neglected. From a
consideration of the area of the zone at the bed of the ice sheet from which each pulse is
r eturned we can put upper limits on this anisotropy. Under our experimental conditions such a
r efl ection zone will closely approximate to a circle which is small compared with the dipole
15
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Dependence of the orimtation Om of maximum returned signal on the transmitted orientation "from measurements at:
typical ice-shelf site (P9 ), X snow-dome side-slope site (P 6), 0 snow-dome summit (PI ). The solid lines are the
curves of Equation (4) for (a) r = I, 8 = 0 ° , (b) r = 1, 8 = 180° , (c) r = 1.8,8 = 20° .
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+

beam-width. Allowing for the electric field parallel to a half-wavelength dipole to be smaller
than the field normal to the dipole by a factor (Kraus, 1950)
cos (t7T cos Q)
sin Q
where Q is the angle measured from the horizontal to a point in the refleCtion zone, it can be
shown that the maximum difference in power as the receiving dipole rotates through 360°
is less than 0.5 ± 0.2 dB. Such small differences would scarcely have been detected with our
measurement accuracy of ± [ dB and are therefore ignored. We conclude that within the
experimental error, the measured power distribution was due to polarization effects alone .
In the most general case the power distributions include an unpolarized component which
will give an isotropic power increase when added to the purely polarized component. Therefore the polarization ellipse obtained by the method described above may be a broadened
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version of the true polarization ellipse but the orientation of the axes will be uncha.nged.
Hence the measurement of 8m , the orientation of the major axis of the dumbbell, gives the
orientation of the major axis of the polarization ellipse and is independent of any unpolarized
component. It is the behaviour of this parameter that we will now try to explain, leaving the
information which can be derived from the ellipticity for further analysis.

Discussion oj results
The electric vector of an elliptically polarized wave describes an ellipse, given by the
equation (see e.g. Clarke and Grainger, 197 I)
X2
y2
2XY cos 8 _
. 2
Ex2+ Ey2
ExEy - sm 8,
where Ex and Ey are the amplitudes of the electric vector in the X,Y directions of an arbitrary
cartesian frame , the wave propagation is in the z direction, and 8 is the phase difference
between Ex and Ey. The ellipse is in general orientated so that its major axis makes an angle
E to the x axis, where

If then the x axis is chosen to be the experimental reference axis, E = 8 m , and by defining
tan {3 = Ey/E x we get
tan 28 m = tan 2{3 cos 8.
This is the equation we shall use to explain the observed orientation behaviour of the polarization ellipse.
Assuming that naturally occurring polycrystalline ice is a uniaxial birefringent material
(Jiracek, 1967; Hargreaves, 1977), the direction of the effective optic axis is taken to define
the yz plane of the coordinate system and is one of the unknowns to be found in any experiment. We assume that this direction is constant with depth at any particular site, although
this may not be true in a complex flow pattern. Our linearly-polarized transmitting aerial
is taken to be at an angle ex to the x axis. Thus, for the transmitted wave
and

8=0,}

(2)

tan ex = tan (3 = Ey /E x .
Now ifA x and Ay are the overall attenuation coefficients of the ordinary and extraordinary
waves respectively due to absorption by the ice, attenuation on reflection, and geometrical
attenuation, then the returned wave will have components AxEx and AyEy in the x,y
directions, which by Equation ( I) implies that the orientation of the received ellipse will be
given by:

By defining

AyEy
tan p = AxEx'
then
tan 28 m = tan 2p cos 8.
(4)
where the phase shift 8 is that introduced by propagation through the ice and reflection at
the bottom surface, and the angle p is related to the orientation of the transmitting aerial (ex)
through Equations (2) and (3) giving
tan p = r tan ex,
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where T = Ay/Ax. Thus Equation (4) gives the relationship between the orientation of lhe
maximum received signal and the orientation of the transmitting aerial, m terms of the
phase shift 0, the ratio T, and the azimuth of th e optic axis.
In our experiment all angles were measured at each site with respect to an arbitrary
magnetic bearing. The effective optic axis is d etermined, except for a 90 ° uncertainty, by the
directions wh ere iX and em are equal. Transforming the results to a coordinate systcm defined
by the optic axis gives the points shown in Figure 2, where em is plotted against ix. The solid
lines in Figure 2 are curves representing Equation (4) for different values of the parameters I)
and T which have been chosen to fit the experimental points to within the experimental error
(Table I). The curves clearly show that the opposite sense of rotation of the received ellipse
on the ice-shelf sites can be explained by an additional phase shift of 180° compared with the
land-based sites. Only at one site, P6, does 0 deviate appreciably from 0 or 180°, or T from
unity.
TABLE 1. VALUES REQUIRED I N EQUATION
TO NUMERICALLY FIT MEASURED POINTS
WITHIN EXPERIMENTAL ERROR

Site
PI
P6
P8
Pg
PI2

Il
OO± 30 o
20 o ± 20o
18o o ± 30o
18o o ± 30o
18o o ± 30o

1.0 ±
1.8 ±
1.0 ±
1.0 ±
1.0 ±

(4)
TO

O.2
o·S
O.2
O.2
O.2

Before discussing how reflection at the bottom surface or transmiSSIOn through the ice
could cause a phase shift, we shall briefly examine whether the experimental arrangement
could provide an explanation of the observed behaviour. Because separate transmitting and
receiving aerials were used , usually about I m above the snow surface, there is th e possibility
that capacitative coupling between them m ay allow the transmitted and received power levels
to depend on the relative orientation of the aerials (personal communication from W. R .
Piggott). If for example the amount of coupling d epended on surface conditions which varied
from dry-snow facies on the land-based sites to wet snow on the ice shelf, then a difference in
behaviour of Bm with ix might be expected. However one of the control experiments performed
at each site was the rotation of a single transmitting a nd receiving aerial through 360°. In so
doing large variations in signal received of the order 12 dB were still generally present and
there were two major and two minor maxima in the full circle, each being sepa rated by 90°
(similar to the results of Hargreaves, 1977). The orientation of the major maxima was the
same, to within ± 5° experimental error, as one of the orientations a t which Bm equalled ix
in the two aerial experiment. (This fact was used to resolve the 90° ambiguity in the direction
of the optic axis.) Capacitative linking of the separate aerials therefore, if present, must
have had an effect below the experimental measurement error of ± 5°.
In general, the amplitude and phase of a reflected wave depend on the electrical properties
of the transmitting and reflecting medium, the angle of incidence (i ), and the pola rization of
the incident wave. McPetrie ( 1938) gives the complex reflection coefficient as a function of
these parameters both for polarization in the plane of incidence and perpendicular to it,
components into which a ny pol arization may be resolved. McPetrie's curves may be extended
for relative permittivities of less than one to cover all possible subglacial materials (e.g. see
Jiracek, 1967, p. 41 ), taking the mean relative permittivity for ice as 3.2 (Glen and Paren,
1975)' It can be then seen that for normal or near-normal incidence (i < c. 20° ) a good
conductor, such as sea-water at our frequencies, gives an equal phase change in both polarizations of very nearly 180°, while poor conductors such as frozen bedrock may give an equal
phase change in both polarizations of anything from 0 to 180°. For wider angles of incidence
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the phase change in both polarizations for a good conductor is very similar until i is large, but
for a poor conductor the relative phase change can reach 180° at smaller angles. Hence the
small departure from normal incidence in our experiment of separating the two aerials (up to
4° for the shallower sites) could not account for any significant change in the relative phase
of the wave resolved into these two polarizations, irrespective of the electrical characteristics
of the reflecting surface.
However this argument has assumed that the reflecting surface is smooth and electrically
isotropic. Beckmann and Spizzichino ( 1963) state that for a rough surface with irregularities
large in comparison to the wavelength, the field scattered into anyone direction would be
depolarized in the same way as a field reflected by a smooth plane of the same electrical
properties inclined in such a way that it reflected the incident field into that direction. Such a
plane we have already seen is unable to explain the observed results. For irregularities of
the order of a wavelength or less, even a physically simple surface of, for example, parallel
corrugations with varying conductivity between them, cou ld affect the reflected polarization
in a complicated way. But without further evidence of how to describe the reflecting surface,
we shall instead examine in detail how varying levels of birefringence in the ice can account
for the different phase shifts. An anisotropic reflection coefficient is assumed to account for
the value of r at the P6 site.
BIREFRINGENCE AND ICE MOVEMENT

Hargreaves (1978) relates levels of birefringence to different common ice fabrics. Because
the fabric at any particular site depends on the integrated strain history of the ice (Budd, 1972),
different ice fabrics and thus different values of the birefringence are expected at our various
sites. On this basis the phase shift for the ice-shelf sites is just coincidentally 180° and there
is no fundamental reason for this value. The variation in ice-shelf thickness was unfortunately
too small to check whether the phase shift was proportional to thickness, which would imply a
constant level of birefringence per unit thickness of ice, or whether the phase shift of 180° was
independent of thickness and therefore possibly due to the reflecting surface. Taking the
results as suggesting a uniform birefringence, a phase change of 180° in an ice shelf only
270 m thick requires the mean anisotropy in the permittivity to be (0.52 ± 0.08)% . Most of
this phase shift occurs in the 1.2 km separation between sites P6 and P8.
The question then arises as to how such levels of birefringence could be caused. Figure I
shows the polarization data against the background of the flow regime in the area. From
consideration of particle paths there is no evidence up-stream from the scheme of any features
capable of creating strains large enough to produce the change in the observed levels of
birefringence between P6 and P8, except for the abrupt and continuously changing strain at
the hinge zone.
A very well-formed fabric is required to produce a -180° phase shift in the 270 m thick ice
shelf if there is an upper limit on the anisotropy in the radio-frequency permittivity of the
single crystal of 1% (Johari and Charette, 1975)' However, with a value for the single crystal
slightly below this figure, several different fabrics could explain our result. In particular
Rigsby ( 1960) reports that a strong two-pole fabric, with the poles perpendicular to the planes
of maximum shear, is produced in laboratory experiments on initially isotropic polycrystalline
ice when a sample is subject, over a period of about two months, to repeated simple shear six
of seven times in each direction at a shear strain-rate of some 10- 7 S- I. This situation is not
unlike the repeated tidal shear in the hinge zone of an ice shelf. For the Bach Ice Shelf,
theodolite readings of stakes up to 3 km out on the ice shelf gave a tidal range of 1.5 m, a fairly
typical value for the Antarctic. These results give a mean shear strain-rate over the entire
hinge zone of I X 10-8 S-I, with a maximum strain-rate in the central region of shear of
2 X 10- 7 for a few hours each day. Moreover from knowledge of the surface velocities, it can
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be shown that an elemental volume of the sheet will be subject to such a continuous stress
field for at least 20 years.
From the work of Budd ( 1972 ) and knowledge of the movements we can expect a weak,
roughly annular, fabric at the dome summit (PI). This would show no birefringent effects to
vertically travelling radio waves . A single-pole fabric would be gradually superimposed on the
annular fabric as the flow increases down the slope, but due to the low slopes and strains
involved this should only be weakly developed by the time the ice, accumulating at the rate of
some 0.6 m water equivalent per year on the side slope, reaches the hinge zone. This would
then explain a certain degree of birefringence (S = 20° ± 20°) at P6. However, we suggest
that it is the tidal flexure of the ice sheet in the hinge zone that is responsible for the greater
part of the birefringence observed on the ice shelf (8 = I80 0± 3o O) through a well-formed
two-pole fabric superimposed on the existing one. An effective optic axis to the ice sheet is
defined by the plane containing these two poles. At the hinge zone the optic axis will be
created perpendicular to the principal shear direction, i.e. it will lie in the vertical plane
containing the normal to the hinge line. After leaving the zone of highest stress, the existing
fabric will be largely frozen into the ice shelf. The optic axes at P8, P9 and PI 2 rotated
clockwise by 13° ± 5° between each site as we moved further out onto the ice shelf (see Fig. I).
By backward extrapolation of the particle paths from these sites to the hinge zone, the optic axis
orientations appear to coincide with the normals to the hinge line to within experimental
error. We do not know if there is any significance in the nearly constant angle that the velocity
vector makes with the optic axis at these sites.
CONCLUSIONS
I. The general level of radio-frequency birefringence in ice sheets, and especially in ice
shelves, can be high. Our results show that even when a single half-wave dipole aerial is used
to transmit and receive, azimuth changes cause variations in received power of up to 12 dB
purely as a result of polarization effects. Aerial azimuths and the strain history of the ice must
therefore be carefully considered in any conclusions drawn from comparative returned power
in radio echo-sounding.
2. From our data for the ice shelf sites we are able to give a new higher value of
(0.52 ± 0.8) % to the minimum anisotropy in the radio-frequency permittivity of ice. This
shows that the anisotropy at 60 MHz is larger than the figure for sodium light of 0.22 %
(Hobbs, 1974). Because we do not expect an ice shelf to have a perfectly aligned fabric, a
true figure for the anisotropy of between 0.5 % and Johari and Charette's figure of I % is
expected.
3. Because much of the ice in many Antarctic ice shelves has crossed a hinge zone and has
thus been subject to high levels of tidal flexure, strong fabrics and therefore generally increased
levels of birefringence should be expected. However, as fabric generation is temperature as
well as strain dependent (Budd, 1972), the Bach Ice Shelf'with a 10 m temperature of only
-9.8°C might have a stronger fabric than the large colder ice shelves. Nevertheless, even with
simple rotating aerials for detecting the polarization changes, a marked change in the birefringence should be generally detectable across the hinge zone, and if found would be a
confirmation that the ice was at least partially afloat on tidal ocean water.
4. This work is relevant to the possible future use of the polarization of radio waves to help
in the identification of subglacial bedrock. By increasing the level of the minimum radiofrequency anisotropy of ice by nearly twenty times the minimum level set by Hargreaves
(1977 ), we are underlining the importance of the fabric in an ice sheet and its distribution
with depth in determining the polarization of a radio echo signal. The strain history is
therefore crucial, especially in ice of greater depth than we have discussed here, where a phase
change of more than 360° could easily occur. However, from the proportion of the unpolarized
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component in the first returns it is possible that vertical roughness of different subglacial beds
might be characterized. Moreover if an independent determination of the fabric profile were
possible, from wide-angle polarization work with separated aerials, the permittivities and
conductivities of subglacial bedrocks might be determined from their complex reflection
coefficients.
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DISCUSSIO N
L . A. LLIBOUTRY: Rigsby's work is rather outdated by now. Duval (in press) has shown that
with simple shear a two-maxima fabric is form ed , and in other states of stress, a four-maxima
one. T he normal ice fabric which is found at the bottom of cold ice caps (vertical c-axes) is
form ed by some unknown process which may last thousands of years. On the other hand
refreezing of sea-water under the ice sheet should give a very strong ice fabric. Are you sure
that there is melting, not refreezing under the ice shelf?
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A. H. W. WOODRUFF: From measurements of strain rosettes on the surface of the Bach Ice
shelf, and the radio-echo thickness gradient, \VC have calculated a bottom melting rate of
6S ± ro cm. That is using the steady-state equation of Thomas (1973). Certainly, freezing is
exceedingly unlikely.
Moreover we expect a very different type of fabric to be created in the hinge zone of an
ice shelf from the fabric at the bottom of the cold ice caps, and whatever its exact nature we
would expect a strong preference for the c-axis to align in the plane perpendicular to the hinge
line as this orients planes of maximum shear. The shear situation in the central part of the
hinge zone is very similar to the experimental environment of Rigsby's and a two-pole fabric
would therefore seem most likely, although other fabrics are possible and might still explain
these resul ts.
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