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ABSTRACT 
Based on the measured dielectric properties of ice, the propagation veloci ty and 

birefringence of electromagnetic waves in ice at MHz and GHz frequencies are discussed. The 
velocity of electromagnetic waves in solid ice is arou nd 169 m/llsec and it decreases with 
increasing temperature at a rate of 0.023 mJllsec pe r 1 0c. Dielectric anisotropy of ice single 
crystal indicates that wave velocity can be varied wi thin 1 m/",sec depending on the angle 
between electric field vector and crystal orientations of icc. Dielectric anisotropy a1so indicates 
that the polarization stale of the electromagnetic waves are determined by the dielectric 
jX!rmittivity tensor in the polycrystall ine ice. 

I. INTRODUCTION 
The relative complex dielectric permittivity of ice at frequencies from HF to microwave is of 

importance for the analysis of remote sensing data on the cryosphere because it determines the 
propagation of electromagneti c waves with such frequencies in large ice masses. The 
electromagnetic waves at rrequencies between ten and a few hund red MHz are commonl y used 
for the radio echo sounding (RES) of the ice sheets and Glaciers to explore the internal structure 
of them (I and 2]. Satellite borne synihelic aperture radars (SAR) operating at 1.275 GHz on J
ERSl and at 5.3 GHz on E-ERSI and were recently launched. 

The crystaJ structure of ice has a uniaxial symmetry and dielectric pennittivity indicates the 
crystaJ orientation dependence rrom DC to optical frequencies [3,4,5 and 6]. Natural ice in the 
cryosphere is a polycrystalline aggregate and shows various fabric patterns which represent the 
distribution of the crystal orientation of grains in it. At the same time, natural ice is a dielectric 
mixture composed or icc, air bubbles, and impurities. Major impuri ti es usually found in natural 
ice is classified as acid , salt and sol id particles. 

T he real part or the relative complex dielectric permittivity of ice, £', o btained 
experimentally is shown in Fig.l schemati cally. The dispersion at the lower frequencies is 
caused by the Debye relaxation mechanism. Another dispersion is observed in the infrared 
region. c' at frequencies between the two dispersion is usually denoted as £00 as shown in Fig. 
1 and it is a constant. Therefore, £' at frequencies rrom HF to microwave becomes £00 in the 
temperature range of the cryosphere. 

In this paper we discuss the propagation velocity and birefringence of the electromagnetic 
waves from the measured real part of the dielectric permittivity. Attenuation is discussed from 
the measured dielectric loss in our another paper in this volume. 

2. WA VE VELOCITY 
The velocity of electromagnetic wave, v, is related to the permittivity, £', as a following 

equation; 

v = L 
.... ( I) 

where c is the velocity of the electromagnetic waves in vacuum. £' depends on crystaJ 
anisotropy, density and impurity in ice. Evans [7] reviewed that t's obtained in the earlier 
studies could be, 3.17: 0.07, over the frequency range from 10 to lOS MHz. The studies 
carried ou t after Evans' review (e.g. [5,8 and 9]) reported the values of [' also within the same 
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range. Thus, £ ' is approximately constant around 3.17 with a very sl ight temperature 
dependence [5 and 8]. 

Fujita el a1. [5] measured the dielectric pennittivity of ice parallel to the c-axis (£ ~Ic) and 
perpendicular to the c-axis (£~c) at 9.7 GHz at temperatures between -32.5 °C and -2.5 0c. t i'e 
and £~c are given by following equations; 

' /I, = 3.189 (±0.006) + 0.00092 (±0.00007) T, 

,~, = 3.152 (±0.OO3) + 0.00086 (±O.OOOO5) T, 

(2) 

(3) 

where Tc is the temperature expressed in °e. The dielectric anisotropy 11r!, E/lc- EJ.c I S 

",,' = 0.037 (±0.OO7) + 0.00006 (±0.00009) T, (4) 

The temperature dependence of !J.t' is negligibly smaJl in the temperature range of the 
cryosphcre. Fujita et a1. [5J indicates that in the frequency range of HF. VHF, and microwave 

frequencies 6£' is 0.037. When ice is considered as an isotropic medium, E' is expressed as, 

,_ 2 ' l' 
E- 3E.lC + 3Ellc (5) 

Based on Evans' review, Robin et al. [1] concluded that wave velocity in ice is 

v = 169 ± 2 [m/ ~sec] (6) 

Substituting eqs. 2 , 3 and 5 into eq. 1, the wave velocity becomes as in Fig. 2. Figure 2 
indicates that wave velocity decreases with increasing temperature at a rate of 0.023 m1llsec per 
I °C and is also included in the range expressed in eq. 6. However, v depends on angle 
between the electric field vector and crystal orientation of ice and can be varied within about 1 
[m/"sec]. 

Fujita et al. [10] showed that £' depends on the density of ice, p. This was obtained based 
on the measurement at 9 .7 GHz with ice samples whose p was larger than 600 [kg/m3] . £' 

increases linearly with pwith a gradient 

(7) 

Thus o ne can express v of ice medium with density pas 
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Figure 1. The schematic di spersion spectrum 
of ice at -1 0 0c. 
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Figure 2 .The propagatio n velocity o f 
electromagnetic waves in ice as a function or 
temperature from HF to microwave 
frequency. The velocity depend on the angle 
between the electric field vector and the 
crystal orientation of ice. 
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(8) 

where Ep"re means the dielectric permittivity of air bubble free ice. 
Fujita el al.[11] showed that when acid concentration in ice is lower than lxlO-3 [moIlL]. £' 

of polycrystaUine is within the range between t i,e and £~c. Thus influence of acid is negligibly 
small when PH value is larger than 3. The PH value usually found in the cryosphere is well 
above 3 even when it is so called "acid snow". Thus we need not consider the innuence of acid 
impurity to the wave velocity in ice in the cryosphere. 

3. BIREFRINGENCE OF THE POLY CRYSTALLINE ICE 
Hargreaves [12] obtained the macroscopic dielectric permIttIvity tensor of the 

polycrystalline ice from ice fabric data. Applying the dielectric mixture theory [131 to the 
mixture of anisotropic dielectrics, he shows that the dielectric penniltivity tensor of the 
polycrystalline is expressed by; 

£'= L fj £ti) 

j:l (9) 
where fj is the volume fraction of the j4th crystal grain and £(j) is the dielectric permittivity 
tensor of the j4th crystal grain. Equation 9 is derived on an assumption that the volume of the 
considering ice mass is small compared with the wavelength but sufficiently large compared 
with the volume of individual crystal grains. The dielectric permittivity tensor Ep of a crystal 
grain is given by, 

(10) 

when we take the c4axis as one of the principal axes. 
Using eq. 9 and 10, 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 of }th grain 
as 9j, it is written as, 

, N 
£ '=£ l.c + I fj 6£' cosBj 

j=l (1/) 

where N is the total number of the crystal grains in the ice medium. For simplicity, we 
approximate that the volume of grains are the same, then eq. 11 is rewritten by 

, 
£ '=£ l.c + 6£' Da 

N 
D,= .L L COSej 

N jo:l 

(/2) 

( 13) 

Here Da is a factor which expresses the degree of contribution of A£' to the component of 
dielectric permittivity tensor [14]. 

Hargreaves [15] jX)inted out that when plane4wave propagates in the uniaxially birefringent 
medium, only two directions of the electric field vector are allowed. When a lineally polarized 
wave in air is incident normally on the medium, the incident electric field vector becomes 
resolved into two components along the directions of allowed electric field 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 components are in phase, but 
after the passage of the medium, since they have different magnitudes of propagation vector, 
they are out of phase. When the wave return from the medium to air, it is elliptically polarized. 
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The Da calculated from actual crystal orientation of the Antarctic Ice Sheet is given in [14] and 
shown in Fig. 3 as an example. This example shows actual ice sheet is almost uniaxially 
birefringent. The detailed theory about propagation of electromagnetic wave in the uniaxial 
birefringent medium is given in Hargreaves [15]. 
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