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Abstract: The relative complex dielectric permittivity of NaCl-doped ice was 

measured at 9.7 GHz in order to clarify the doping effect of the salt component 

in the microwave frequency range. It was found that over a wide range of NaCl 

concentrations between 6X 10-5 M and 1 x 10-2 M the loss tangent and conduc

tivity of NaCl-doped ice increased linearly with increasing NaCl concentration at 

temperatures above the eutectic point of NaCl solution (-21.3°C). The conduc

tivity of NaCl-doped ice was compared with those of artificial ice containing sea 

salt and natural sea ice at X-band frequencies reported in the literature. 

1. Introduction 

The knowledge of the relative complex dielectric permittivity, E* = E' -ii', of 
ice at microwave frequencies is important for the analysis of remote sensing data 
of the cryosphere. In the microwave frequency range, at X-band frequencies in 
particular, dielectric properties of ice have been reported by several investigators 
(LAMB, 1946; CUMMING, 1952; VANT et al., 1974; MATZLER and WEGMULLER, 1987; 
FUJITA et al., 1992a, b ). It has been accepted that the real part of permittivity 
(c') was reasonably constant around 3.17 (earlier reviewed by EVANS, 1965) with 
a very slight temperature dependence. Recently, dielectric anisotropy was found 
by the present authors (FUJITA et al., 1993). The real part of permittivity parallel 
to the c-axis is larger than that perpendicular to the c-axis by 0.037 ( ±0.007) or 
about 1.2 %. Although the values of £

1 reported by previous investigations are 
scattered within a similar range to the anisotropy, basically they agree well with 
each other. In contrast, the reported values of the loss tangent (tanc>=i'/c') were 
contradictory with each other by factors larger than 10 (reviewed by WARREN, 
1984). One possible reason for the discrepancies was that the tanc> at microwave 

frequencies was too small to be measured precisely. In addition, it was consid
ered that small impurities might have a significant influence on the absorption of 
electromagnetic waves (MATZLER and WEGMULLER, 1987). In fact, MATZLER and 
WEGMULLER (1987) showed that slightly saline ice had a larger value of tanc> than 
pure ice by the precise measurement of the complex permittivity of pure and 
saline ice containing l.9x10-4 M (13 ppm) sea salt (M is molarity, molL- 1) with 
both the cavity resonator method and radiometric method. In addition, FUJITA et 
al. (1992b) showed that ice containing strong acids (H2S04 , HCl, HN03) had a 
larger tanc> than pure ice. The increase of tanc> caused by acid impurity was 
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about twice as large as that by the same molarity of sea salt at 9.7 GHz. 
In 1992, the present authors performed a new measurement of dielectric 

properties of artificial NaCl-doped ice by the standing wave technique. The aim 
of the measurement was to clarify the influence of NaCl on the dielectric 
properties of ice over a wide range of concentrations between those typical for 
meteoric ice ( of the order of 10- 5 M) and those typical for multi-year sea ice ( of 
the order of 10-2 M). Thus the concentration of doped NaCl in ice samples 
prepared for measurement was between 6x 10-5 M and 1 x 10-2 M. The saline ice 
sample investigated by MATZLER and WEGMULLER (1987) was only a single sample 
with sea salt concentration of l.9x 10-4 M. A large body of work also exists on 
the microwave properties of sea ice (VANT et al., 1974, 1978) which contains far 
higher impurities (more than 10-2 M) than meteoric ice. However few data are 
available at intermediate concentrations and at concentrations below l.9x 10-4 

M. Therefore, the new measurement was performed in order to fill in the gap 
over these concentration ranges. Although sea salt contains not only NaCl but 
also other salts, only the effect of NaCl was investigated in order to extract the 
pure effect of NaCl, because NaCl is the dominant component of salts in ice 
containing sea salt such as sea ice and ice in the polar ice sheets. The role of the 
different salts in sea ice can be understood by comparing the dielectric properties 
of NaCl-doped ice with those of ice containing sea salt. 

In the present paper, we report the results of the measurements and 
comparison with the results of previous investigations on the dielectric properties 
of ice containing NaCl and sea salt at X-band frequencies. 

2. Experiments 

2.1. Method 
The measurement method was a standing wave "two-point method" (SucHER 

and Fox, 1963). Figure 1 shows, schematically, the experimental arrangement for 
measuring dielectric permittivity of ice. The ice sample was set in an empty 
rectangular waveguide terminated by a short circuit. Input impedance of the 
short-circuited waveguide was measured. Special modifications of this method 
used here are described in FUJITA et al. (1992a). The measurements were carried 
out at temperatures between -5°C and -50°C. The experimental error with this 
system was at most ±0.01 for the real parts and ±2x 10-4 for the loss tangents. 
It has been confirmed that the present system could be used for measuring other 
low loss materials such as Teflon and polyethylene (FUJITA et al., 1992a). The 
frequency used for this measurement was 9.7 GHz. 

2.2. Ice samples 
The ice samples studied were made from deionized water contammg NaCl. 

The solutions were frozen inside plastic bags at -20°C. The samples contained 
bubbles and were polycrystalline with densities between 910 and 916 kgm-3. 

Impurity distributions within the samples were probably not homogeneous since 
ice rejects impurities as it freezes, so that the remaining solution becomes 
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Fig. 1. Experimental arrangement for measuring the dielectric constants in a 

waveguide. 
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increasingly concentrated. A range of samples contammg NaCl concentrations 
between 6x 10-5 M and 1 x 10- 2 M was prepared. NaCl concentrations were 
found by measuring the electrical conductivity of the melted sample after experi
mentation. The samples were rectangular prisms with cross section 10.2x22.9 
mm2 and length of 30.0 mm. The dimension of the cross section was the same as 
the inner dimension of a waveguide whose standard was WRJ-10. Seven samples 
were prepared for measurement in all. 

3. Results 

Figures 2 and 3 show the temperature dependence of the real part of the 
permittivity (E') and the loss tangent (tanb), respectively. In both figures, the 
measured values of only four samples with different concentrations of NaCl are 
shown to show the general trend of the results. Each result in Figs. 2 and 3 is 
the corrected value for density at 917 kgm -3 in order to eliminate the effect of 
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Fig. 2. The real part of the complex permittivity of the NaCl-doped ice versus 
temperature. Molarity concentrations of NaCl are given in the figure. 
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Fig. 3. The loss tangent of the complex permittivity of NaCl-doped ice versus 
temperature. 

density from the data because the purpose of this study is to investigate the 
effect of NaCl on the complex permittivity (E*). For the correction, the density 
dependence of E* for dry snow derived by TIURI et al. (1984) was used for ice. 
They are 

E' ct= l + l.7p+0.7p2 , (1) 

for the real part, and 

tano=D(0.52p+0.62p2)IE' ct, (2) 

for the loss tangent where p is the relative density of the dry snow compared to 
water. D is a number which depends on frequency and temperature. The 
correction of E* with respect to density using eqs. (1) and (2) was carried out 
only for the purpose of comparison. Thus only the gradient determined from eqs. 
(1) and (2) was used to estimate the effect of density variation. 

A sudden sharp increase was found at about -21 °C in the results of all 
samples both for E' and tano. This temperature agrees with the eutectic point of 
NaCl solution, -21.3°C. Above the eutectic point, the gradients of E' and tano 
versus temperature, (dE'/dJ) and (dtano/d7) respectively, increase as NaCl con
centration increases. 

Figure 4 shows tano versus NaCl concentration. The result at -15°C is 
shown as an example. It was found that tano of NaCl-doped ice increases linearly 
with the concentration of NaCl at temperatures between the eutectic point and 
-5°C. That is, 
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Fig. 4. The loss tangent of the complex permittivity at - l 5°C versus concentra
tion of NaCl. 

tanb=tanb
p+A[NaCl], 
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(3a) 

where tanb
P 

is the loss tangent of pure ice. A is the temperature dependent 
factor. [NaCl] is the chemical concentration of NaCl expressed by molarity. In 
the case of -15°C, as an example, A is 1.60. A at temperatures between -20°C 
and -5°C is shown in Table 1. 

Table 1. Values of A and µNaCl 

Temperature(°C) A µNae, 

-5.0 2.80 4.79 
-7.5 2.35 4.01 

-10.0 2.01 3.44 
-12.5 1.77 3.02 
-15.0 1.60 2.72 
-17.5 1.47 2.51 
-20.0 1.38 2.35 

In the following discussions, we present the experimental results in terms of 
conductivity although the dielectric properties of ice at microwave frequencies 
have been traditionally presented in terms of real and imaginary permittivities 
and loss tangents. This is because it is somewhat easier to compare dielectric 
results that are measured at different frequencies when they are presented in 
terms of conductivity. We can rewrite eq. (3a) in terms of conductivity 
a=E0E'2:rcf tanb, where f is the frequency and e0 is the permittivity of free space. 
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Arrhenius plot of the molar conductivity against reciprocal temper-a
ture for experimental results measured in X-band. The data denoted 
by Mand ware those at JO GHz from MA.TZLER and WEGMULLER 
(1987) on ice sample containing l.9xl0-4M sea salt. The data from 
VANT et al. (1974) are on natural sea ice containing l.OxJ0-2 

M-7. 5x10-2M sea salt. 

a= a
P + µNac1[NaCl], (3b) 

where µ=t:0 t:'2nf A and the unit of a is sm- 1
. Thus the unit ofµ is sm- 1M- 1

. 

This is called molar conductivity. The temperature dependence of molar conduc
tivity, µNaCl , is shown in Fig. 5 and in Table 1. The standard errors of µNaCl are 

smaller than 0.15 at temperatures between -30°C and -5°C. In Fig. 5, µNaCl IS 

plotted versus reciprocal temperature because the Arrhenius equation, 

-E 
µNac1 =aoexp(RTK 

), (4) 

is assumed to hold. Here R is the gas constant, E is an activation energy and T K 
is the absolute temperature. In Fig. 5, the slopes of the lines show the activation 
energies, E. At temperatures below the eutectic point, E of µNaCl is almost zero. 
At temperatures above the eutectic point, E of µNaCl gradually increases as the 

temperature increases. Average activation energy is 26.6 kJ M- 1 or 0.28 eV at 
temperatures between -20°C and -5°C. 
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4. Discussion 

The critical decrease in the conductivities and the loss tangents observed at 
the eutectic temperature can be attributed to disappearing of the liquid phase. 
Since the liquid has a three dimensional network of the channels along the 
intersections of the grain boundaries, the conductivity is considerably increased 
by the small amount of liquid included in the ice sample above the eutectic 
point. Similar results were reported by HOEKSTRA and CAPPILLINO (1971). They 
measured the dielectric loss of two NaCl-doped ice samples with 0.125 M (7.3 
ppt) and 0.250 M (14.6 ppt) at X-band frequencies. Their result on the 0.250 M 
sample was in good agreement with the present result. The value of A derived at 
- l5°C was approximately equal to 1.6, which is roughly equal to the data shown 
in Table 1. It can be said that the value of A derived in this study can apply to a 
high concentration sample of 0.250 M. 

We then compared the result of our study with the results of previous 
investigations on the dielectric properties of ice containing sea salt. VANT et al. 
(1974) studied the dielectric properties of natural sea ice samples at 10 GHz. The 
samples were from multi-year sea ice with salinities around I .Ox 10-2 M, and 
columnar and frazil ice with salinities up to 7 .5 x 10-2 M. MATZLER and WEGMUL
LER (1987) measured the dielectric properties of a single ice sample containing a 
higher concentration of salt than found in normal meteoric ice at microwave 
frequencies from 2 to 100 GHz. The ice sample containing sea salt was made by 
freezing a solution of melted snow which lay on the top of the sea ice near 
Spitzbergen. The salinity of the sample was 1. 9 x 10-4 M. 

Using eqs. (3a) and (3b), their results were expressed as the molar conduc
tivities, µy and µMW· Here, µy and µMw are the molar conductivity of four sea 
ice samples from VANT et al. (1974) and that of saline ice sample from MATZLER 
and WEGMULLER (1987), respectively (Fig. 5) at 10 GHz. µMw increases with 
increasing frequency; i.e. µMw shows frequency dispersion at microwave frequen
cies; µMw at 10 GHz was calculated as µMW· In Fig. 5, it is seen that a 
noticeable eutectic point does not exist in the case of sea ice samples of VANT et 
al. (1974). Figure 5 also shows that at temperatures above the eutectic point of 
NaCl-doped ice, the value of µNaCl is larger than the value of µy and µMW· 
These differences may be attributed to the fact that the sea ice samples contain 
other sea salt chlorides, such as KCl and MgCl2. Since they remain in solution 
below the eutectic point of NaCl solution, the conductivity in ice containing sea 
salt decreases more gradually than that of NaCl-doped ice. This point was 
discussed earlier by HOEKSTRA and CAPPILLINO (1971). However, it is not clear 
why µNaCl is larger than µy and µMW· 

In this paper, the authors report µNaCl only at 9. 7 GHz. To further clarify 

and discuss µNaci, the authors are presently measuring µNaCl at frequencies 
between 10 MHz and 35 GHz. Publication of these results is forthcoming. 
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