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Relation between ice sheet internal radio-echo reflections 
and ice fabric at Mizuho Station, Antarctica 
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ABSTRACT. The relationship between ice fabric and the internal radio-echo 
reflections was investigated using observation data collected at Mizuho Station, 
Antarctica. The data were obtained by 179 MHz radio-echo sounding and the ice 
fabric was measured from 700 m Mizuho ice core. The dielectric permittivity tensor 
at given depths in the ice sheet was calculated from the ice fabric. 

The calculated dielectric permittivity tensor showed that the ice sheet at Mizuho 
Station is a uniaxially birefringent medium. The symmetrical axis of rotation was the 
same as the flow line. In such a medium, theory predicts that the electric field vectors 
are allowed only in the two directions parallel and perpendicular to the flow line. 
The prediction coincided well with the observation: a strong signal was observed only 
when the transmitting antenna and the receiving antenna, kept parallel to one 
another, were oriented parallel or perpendicular to the flow line. However, the 
observed signal strength in these two directions differed from one another at each 
depth. 

It is also shown that the power reflection coefficient due to the variation of ice 
fabric with depth is of approximately the same order as that due to the density 
change and is large enough to produce the predominant internal radio-echo 
reflections. 

INTRODUCTION birefringence of the ice sheet. They obtained the result 
that the echo strength of the internal reflections increased 
when the two parallel antennae azimuths were parallel or 
perpendicular to the observed flowline, as shown in 
Figure 1, at depths between 200 and 1300 m. Since the 

Yoshida and others (1987) carried out 179 MHz radio
echo sounding at Mizuho Station (70°42' S, 44°20' E, 
2230 m a.s.!. ), East Antarctica, in order to detect the 
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Fig. 1. (a) Internal echoes at 16 different antenna azimuths observed by Yoshida and others (1987) as A-scope data. 
Echo strengths above the average level of the 16 data sets are dark. (b) Rand T represent the two parallel antennae, 
receiving and transmitting aerials, respectively. The flow line (Nishio and others, 1989) and the axes of the principal 
strain (Naruse and Shimizu, 1978) are also shown. 
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flow line was parallel to the tensile principal strain, it was 
suggested that the ice fabric, the spatial distribution of the 
c axis of ice grains, might determine the birefringence of 
the ice sheet. 

Fujita and others (1987) measured the depth profile of 
ice fabric using 700 m Mizuho core drilled at Mizuho 
Station. They showed that the c axes of the grains tended 
to orient perpendicular to the flow line and that the c axes 
concentrated gradually on a girdle with increasing depth. 

Fujita and others (1993) investigated the dielectric 
anisotropy of a single crystal of ice at 9.7 GHz. It was 
found that the permittivity parallel to the c axis, t ile' is 
larger than tic, perpendicular to the c axis, and that the 
dieletric anistropy, flle-fie, is 0.037 ( ±0.007). This 
value was constant In the temperature range of the 
cryosphere and valid over the frequency range from radio 
wave to microwave. Estimating the power reflection 
coefficient due to the dielectric anisotropy, Fujita and 
others (1993) proposed that the internal reflection 
observed by radio-echo sounding (RES) is caused by 
the variation of the ice fabric with depth. 

In this paper, we discuss the propagation of polarized 
radio wave in the ice sheet using the ice fabric data of the 
700 m Mizuho core and compare it with the 179 MHz 
RES data. Then the power reflection coefficient due to 
variation of ice fabric with depth is also estimated. 

RESULT OF RADIO·ECHO SOUNDING AT 
MIZUHO STATION 

In 1984 Yoshida and others (1987) carried out 179 MHz 
radio-echo sounding at Mizuho Station. The sounding 
site was about 1 km downwards along the flowline from 
the drilling hole in the Mizuho Station. The radar system 
was described in detail by Yoshida and others (1987) as 
follows: six-element Vagi antenna which is linearly 
polarized transmits a 1.5 kW (peak) pulse wave in a 
repetition frequency of 1 kHz, and the returned signal is 

received by the same type of aerial as the transmitting 
one. The transmitting antenna and receiving antenna 
were kept parallel to one another at a distance of 3 m, 
rotating the receiving antenna round the transmitting 
antenna. Measurements were repeated every 22.5° 
intervals of rotation. Finally the internal echoes of 16 
different azimuth were obtained. Figure 1 (a) shows the 
observed echoes. Figure 1 (b) shows the antenna azimuth 
at each observation. The directions of the observed 
flowline (Nishio and others, 1989) and principal strain 
(Naruse and Shimizu, 1978) are also shown in Figure 
1 (b). The direction of Nos 1 and 9 is parallel to the 
flowline. The direction of Nos 5 and 13 is perpendicular 

to the flowline. 
Figure 2 shows the relation between the antenna 

azimuth and the maximum echo strength at depth 
denoted by the letters in Figure I (a). The internal 
echoes at depths between 200 and 800 m are strongest 
when two parallel antennae are parallel to the flowline 
(antennae azimuth Nos 1,2,8 and 9, 10, 16 in Figure 1). 
At depths between 800 and 1300 m, internal echoes are 
strongest when two parallel antennae are perpendicular 
to the flow line (antennae azimuth Nos 4,5,6 and 12, 13, 
14 in Figure 1). 
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Fig. 2. Antenna azimuth in which the maximum radio-echo 
strength was observed at each internal reflection. The 
investigated 23 internal reflections are denoted in Fig . 1 (a) 
by the letters. Antenna azimuth is shown in Fig. 1 (b). 
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Fig. 3. Typical iceJabricJound in the 700 m Mi<;uho core. 
The c axes of crystal grains were concentrated nearly in the 
vertical plane (x-z plane) normal to the flow direction (y 
axis) of the ice sheet. 

ICE FABRIC OF THE MIZUHO CORE 

Ice fabric of the Mizuho core was reported by Narita and 
others (1986) and Fujita and others (1987). Figure 3 
shows the examples of the ice fabric of the Mizuho core at 
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four depths. The c axes were in the girdle perpendicular 
to the flow line. This feature is more pronounced as the 
depth increases. Fujita and others (1987) found that this 
concentration W 'lS due to tensile strain along the flowline . 

ANISOTROPY OF DIELECTRIC PERMITTIVITY 
TENSOR 

We calculate the dielectric permittivity tensor of the ice 
sheet at Mizuho Station from ice fabric data . Fujita and 
others (1993) measured the dielectric permittivity of ice 
parallel to the c axis (f ile) and perpendicular to the c axis 
( f~e ) at 9.7 GHz at temperatures between - 32.5° and -
2.5°C. f ile and f~e are given by following equations: 

f ile = 3.189 (±0.006) + 0.00092 (±0.00007)T (1) 

f~e = 3.152 (±0.003) + 0.00086 (±0.00005)T (2) 

where T is the temperature expressed in °C. The 
dielectric anisotropy Llf' , f ile - f ~e is 

Llf' = 0.037 (±0.007) + 0.00006 (±0.00009)T. (3) 

The temperature dependence is negligibly small in the 
temperature range of the cryosphere. Fujita and others 
(1993) indicates that in the frequency range ofHF, VHF, 
and microwave frequencies that Llf' is 0.037 . 

Hargreaves (1978) obtained the macroscopic dielec
tric permittivity tensor of the polycrystalline ice from ice 
fabric data . Applying the dielectric mixture theory 
(Polder and San ten, 1946) to the mixture of anisotropic 
dielectrics, he showed that the dielectric permittivity 
tensor of the polycrystalline is expressed by 

10' = L fJf(j) (4) 
j=l 

where fJ is the volume fraction of the jth crystal grain and 
f(j) is the dielectric permittivity tensor the jth crystal 
grain. Equation (4) is derived on an assumption that the 
volume average is over a volume which is small compared 
with the wavelength but sufficiently large compared with 
the size of individual crystal grain. The dielectric 
permittivity tensor lOp of a crystal grain is given by 

(5) 

when we take the c axis as one of the principal axes. 
Using Equations (4) and (5), one can express the 

dielectric permittivity tensor component parallel to the 
electric field. If we take the angle between the electric 
field vector and the c axis ofJth grain as OJ, it is written as 

N 

10' = f~e + L fJ11f' cos OJ (6) 
j = l 

where N is the total number of the crystal grains in the ice 
medium. For simplicity, we approximate that the volume 
of all grains is the same, then Equation (6) is rewritten by 

(7) 

(8) 

Here Da is a factor which expresses the degree of 
contribution of 11f' to the component of dielectric 
permittivity tensor. 

Ice fabric of the Mizhuho core has a clear girdle 
pattern as shown in Figure 3. This pattern indicates that 
the dielectric permittivity tensor of the Mizuho core has a 
uniaxial symmetry and its axis of symmetry is parallel to 
the flowline. Using ice fabirc, Da is calculated along three 
axes: the axis along the flowline (y axis), the axis along the 
transverse direction (x axis) and the axis along the 
vertical (~ axis). The calculated results appear in Figure 
4, which shows that the Da of the y axis is smaller than 
those of the x and z axes, and that the difference increases 
with depth. Therefore we can consider that Da has 
approximately a uniaxial symmetry. 

WAVE PROPAGATION 

Hargreaves (1977) pointed out that when plane-wave 
propagates in the uniaxially birefringent medium, only 
two directions of the electric field vector are allowed. 
When a linearly polarized wave in air is incident 
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Fig. 4. Contribution of the dielectric anisotropy to each 
component of the dielectric permittivity tensor calculated 
from ice fabric data of the 700 m Mizuho core. Da is 
defined in Equations ( 7) and (8). Calculation of Da was 
carried out along the following three axes: the axis along 
the flo wline (y axis) J the axis along the transverse 
direction ( x axis) and the axis along the vertical (z axis) . 
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normally on the medium, the incident electric vector 
becomes resolved into two components along the 
directions of allowed electric vectors in the medium. 
These two directions are uniquely specified by the 
direction of propagation and the symmetry axis of 
dielectric permittivity tensor. Initially the two compon
ents are in phase, but after passage through the medium, 
since they have different magnitudes of propagation 
vector, they are out of phase. When the wave returns 
from the medium to air, it is elliptically polarized. 

As described above, the dielectric permittivity tensor 
of the ice sheet at Mizuho Station has approximately 
uniaxial symmetry, that is, ice at the station must be a 
uniaxially birefringent medium and its axis of symmetry is 
along the flowline. In the case of Mizuho Station, the 
electric field vectors must be along the flowline (y axis) 
and along the transverse direction (x axis). Ifwe assume 
that the components of the dielectric permittivity tensor 
along the transverse direction (x axis) and the vertical (z 
axis) are equal, then the magnitudes of the two 
propagation vectors along z axis are given by Hargreaves 
(1977) as 

(9) 

where kl and k2 are the magnitudes of the propagation 
vectors of the ordinary wave and the extraordinary wave, 
respectively. Ex and Ey are the component of the dielectric 
permittivity tensor along the transverse direction (x axis) 
and along the flowline y axis), respectively. w is angular 
frequency. c is the velocity of the electromagnetic waves 
in free space. One can calculate the phase difference, <1>, 
between the ordinary wave and the extraordinary wave 
using kl and k2 as follows: 

</> = 21°(k1 - k2)dz 
Zl 

(10) 

where Zl is the depth of an internal reflection horizon. 
We suppose that a linearly polarized transmitting 

antenna is at an angle a to the x axis. If the receiving 
antennae are kept parallel to the transmitting one and 
rotated together, the received signal strength which is 
reflected from within a uniaxial birefringent medium is 
given by Hargreaves (1977) as 

Elf = E; + ~ sin2 2a(ExEy cos </> - E;) + cos
4 a(E; - E;) 

(11) 

Here the transmitted wave is assumed to be Eo( cos a, 
sin a, 0), and the received wave is 

{

X component Ex cos a cos (wt - kz) 
ycomponent Eysinacos(wt-kz+</». (12) 

Ex f. Ey because the transmission, attenuation and 
reflection coefficient are not equal in these directions. 
However, becasue we do not know the difference of these 
coefficients, for simplicity, Ex = Ey is assumed. And Elf is 
estimated as a function of the antennae azimuth a. The 
result of the estimation is shown in Figure 5 which 
indicates that the return signal becames strongest when 
the two parallel antennae are oriented parallel to the 
flowline (yaxis) and parallel to the transverse direction (x 
axis) . 
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Fig. 5. El as a function of a and </> calculated with 
Equation ( 11). The return signal strength, Elf' is shown 
as the normalized value. When the transmitting and the 
receiving antennae were oriented parallel to the x axis or 
perpendicualr to the x axis, the calculated value became the 
strongest. </> is the phase difference between the ordinary 
and the extraordinary wave. Ex = Ey is assumed in the 
calculations. The peaks at a = 00 and 1800 represent 
E; . The peaks at Cl! = 900 and 2700 represent E;. 

The actual strength of the radio-echo internal 
reflections observed by Yoshida and others (1987) were 
strongest when the antennae were oriented parallel or 
perpendicular to the flowline as shown in Figure 2. 
Theoretical prediction on the anisotropy of signal 
strength can explain the actual observation. At depths 
between 200 and 800 m, the return signals were strongest 
when the antennae were oriented parallel to the flowline 
(y axis) but weakest when the antennae were oriented 
perpendicular to the flowline (x axis) although this 
feature was not very clear above 600 m. On the other 
hand, at depths between 800 and 1300 m, the return 
signals were strongest when the antennae were oriented 
perpendicular to the flowline (x axis) but weakest when 
the antennae were oriented parallel to the flowline (y 
axis). In other words, the strong echo appears only in one 
orientation of the predicted two orientations at each 
depth. This fact means that although we assumed 
Ex = Ell to estimate Elf, it seems that this assumption is 
not correct. Since Ex and Ey are affected by the 
transmission, attenuation and reflection coefficinets, it is 
difficult to specify which one is the dominant cause of the 
difference between Ex and Ell' However, as one of the 
possible causes of difference between Ex and Ell' we 
propose the attenuation due to volume scattering which 
occurs due to the difference in dielectric permittivity 
between adjacent grains at the grain boundaries. 

The fact that ice single crystals have dielectric 
anisotropy means that the dielectric permittivity changes 
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at grain boundaries in polycrystalline ice. The maximum 
difference in dielectric permittivity between adjacent 
grains os 0.037 ( ±0.007). The grain boundary network 
in polycrystalline ice is also the dielectric permittivity 
boundary network. In addition, the mean difference of 
the dielectric permittivity between adjacent grains closely 
depends on the relative orientation between the electric 
field vector and the ice fabric. The mean difference, d, of 
the dielectric permittivity between adjacent grains can be 
calcualted from ice fabric data with the following 
equation: 

(13) 

where 1:'; and I:'j are the components of the dielectric 
permittivity tensor of ith and jth crystal grains, respect
ively. If we take the angle between the electric field and 
the c axis of the ith and jth grains as ()i and ()j, 

respectively, Equation (13) becomes 

d = L1I:" Db (14) 

Db expresses the contribution of dielectric anisotropy, 
L1I:", to d, like D ... If a random fabric pattern is 
considered, Db is about 0.34. Then d is about 0.013. 
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Fig . 6. The mean difference of dielectric permittivity 
between adjacent grains calculated from ice fabric data. 
Db is defined in Equations (14) and (15). Calculations 
were carried out with Equation (15) along the orientation 
parallel to the jlowline (y axis) and perpendicular to the 
jlowline (x axis). 

core appears in Figure 6, which shows clearly that Db 
perpendicular to the flow line is larger than that parallel 
to the flowline. The difference between the two Db 
increases with depth. It is not clear how much Db 
anisotropy contributes to the volume scattering of the 
electromagnetic waves but if the loss due to volume 
scattering occurs dominantly when the antennae are 
oriented perpendicular to the flowline, the observed result 
can be explained. That is, the scattering loss may weaken 
the strength of radio-echo in the orientation perpendi
cular to the flow line at depths between 200 and 800 m. 

REFLECTION 

Reflection due to variation of ice fabric 

The reflection of the electromagnetic waves occur due to 
change in bulk impedance between layers in the ice sheet. 
So far, several causes of change in impedance has been 
proposed. They are ( I ) density fluctuation, (2) conduc
tivity change due to change in acidity and (3) change in 
ice fabric. 

Harrison (1973) proposed a hypothesis that the 
variation of ice fabric was one of the major causes of 
internal reflections observed by RES in the ice sheets. 
Unfortunately it has not been supported mainly because 
the dielectric anisotropy was not considered to be so large 
as to produce the internal reflections. However, Fujita 
and others (1993) showed that dielectric anisotropy is 
0.037 ( ± 0.07 ). We show here that this value is large 
enough for small changes in ice fabric to produce 
detectable internal reflections. 

If the reflection of the electromagnetic waves occur 
due to only permittivity change from f' to £ + 8£, then 
the power reflection coefficient, PRC, is given by (Paren 
and Robin, 1975) 

PRC = 1&'1. 41:" 
(16) 

When permittivity change is due only to the variation of 
ice fabric, Equation (16) becomes 

PRC = 1L1I:"8D"1
2 

41:" 

where 8D .. is the change of D ... 

(17) 

Calculated PRCs using Equation (17) and the 
dielectric permittivity tensor in Figure 4 are shown in 
Figure 7. In the calculation, the deviation of D .. from 
fitting curves at each depth was used as 8D ... 3.14 was 
used as £, calculated from Equations (I) and (2) with 
T = -30°C, which is roughly the annual mean tempera
ture at Mizuho Station. In this case, PRC along the 
flowline and along the transverse line is calculated 
because the electric field vector is allowed only in these 
two directions, as discussed above. The calculated PR Cs 
means the the PRCs due to variation of the fabric with 
depth is large enough to produce the detectable internal 
radio-echo reflections. The largest values of PRC were 
about - 75 dB. In addition, calculated PRCs also show 
that PRCs depend on the direction of the electric field 
vector. 
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Fig. 7. The power reflection coefficient ( PRC) of the 
radio-echo internal reflections due to variation of ice fabric 
with depth. The PRCs were calculated with Equation 
( 17) from the dielectric permittivity tensor calculated from 
ice fabric data . 

Although the calculations are based on only sporadic 
12 depths in the 700 m deep core, the calculated PRCs 
indicate the magnitude of PRCs due to the variation of 
ice fabric. The variation of fabric in very short distances 
of depth can occur, for example, between layers which 
contain volcanic ash and enclosing ice. Such layers are 
reported by Cow and Williamson (1976) in the Byrd 
Station core. They investigated the ice fabric of six layers 
which contain volcanic ash (cloudy bands) and enclosing 
ice, and found that crystal axes tend to be more tightly 
clustered about the vertical in the cloudy bands than 
those in the enclosing ice. In the light of this study, such 
layers must raise the large value of PRC. In the Mizuho 
core, only one visible dirt band was found at at a depth of 
500.7 m (Fujii and Watanabe, 1988) . This depth 
coincides with the depth at which the strongest echo 
was found (Yoshida and others, 1987) at peak 'E' in 
Figure 1 (a). 

Reflection due to other causes 

Internal reflections at Mizuho Station must be caused by 
all or some of the mechanisms shown above. It is 
unfortunate that ice-fabric data and density data of the 
Mizuho Station core are based on spot measurements and 
that there are few conductivity data. As for density data, 
Nakawo and Narita (1985) give the most accurate data 
measured with the hydrostatic method. It is shown in 
Figure 8(a). From Equation (16), PRC due to density 
variation is given by 

274 

PRC= 
(~~)8p 2 

(18) 

where 8p is the deviation of the density from the fitting 
curve at each depth expressed by kg/m3. (~~) is 3.08 
X 10-3 (m3 kg- 1

) (Fujita and others, 1991 ). The 
calculated 8p from density data is at most 0.5 (kg/m3). 
Since the experimental error of the density measurement 
is 1 to 2 (kg/m3) (Nakawo and Narita, 1985), the 
calculated 8p from the density data is only fluctuation 
within the experimental error. But PR Cs calculated from 
this fluctuation can be a measure to estimate the possible 
maximum PRC by this mechanism. The PR Cs calculated 
using the density data are shown in Figure 8 (b). The 
PRCs range between - 70 and - 90 dB. They are almost 
the same magnitude as the PR Cs due to the variation of 
ice fabric. Since the density variation with depth becomes 
less at deeper layers, PRC due to the density variation 
decreases with increasing depth and the other mechan
isms become the dominant causes of internal reflections. 
Compared with the fact that the PRC due to the 
variation of ice fabric has anisotropy, the PRC due to 
density variation is isotropic. 

Changes in conductivity due to acidity in ice may also 
be the cause of internal reflections observed at Mizuho 
Station. This mechanism gives another explanation to the 
fact that the strongest echo was observed at around 500 m 
deep, where visible dirt layers were observed, as pointed 
out by Yoshida and others (1987) . Unfortunately, 
because the core data is insufficient, it is difficult to 
discuss the exact cause of each individual internal 
reflection horizon at present. 
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Fig. 8. (a) Depth- density profile of the 700 m Mi<.uho 
core measured with the hydrostatic method (Nakawo and 
Narita, 1985). (b) The calculated power reflection 
coefficient (P RC) due to density variation with depth . 
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To discuss which mechanism contributes to each 
reflection, one should investigate the frequency depen
dence and the temperature dependence of PRC of each 
reflection horizon, because PRCs due to changes in 
permittivity and changes in conductivity must have 
different dependence on frequency and temperature over 
the frequency range of RES. The natures of PRCs due to 
different causes will be discussed elsewhere. It should also 
be investigated how often and how large conductivity and 
ice fabric can be varied in ice sheets. Ice core analysis is 
the only way to investigate this. The conductivity profile 
and ice fabric profile of the ice cores drilled from ice sheets 
should be compared. The former can be measured with 
the Dielectric Profiling Technique (Moore and Paren, 
1987), but one needs to develop a new technique with 
which ice fabric profiles can be measured conveniently. 
These studies are necessary for correct understanding of 
internal reflection horizons and internal structure of ice 
sheets. 
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