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Estimating Sea Ice Thickness Using Time-of-Flight Data  

From Impulse Radar Soundings  

AUSTIN KOVACS AND REXFORD M. MOREY  

INTRODUCTION On one sea ice floe, the company's designated 80- 
MHz antenna was used, and on the second floe,  

their designated 120-MHz antenna was used. The  

actual free-space center frequencies of the broad-
band wavelet spectra transmitted by these anten-
nas are about 50% higher than their designated  

values, but they decrease as a result of antenna  

loading effects associated with antenna—surface  

coupling. Since ice and snow surface conditions  

varied across the floes, the center frequency of the  

wavelet spectra also varied. This variation was not  
determined. Therefore, in this report, sounding  

results are referenced to the manufacturers desig- 

The remote measurement of sea ice thickness 
using impulse radar has been actively pursued for 
some time. However, sea ice is a complex, lossy 
dielectric consisting of pure ice, liquid brine and 
air, and these properties vary with ice thickness, 
temperature and time. Knowledge of the bulk 
dielectric constant (E) of sea ice, therefore, forms 
the basis for the measurement of its thickness, since 
the velocity of the impulse radar electromagnetic 
(ΕΜ) wavelet in the ice is directly related to Ε. 

If one knows the bulk dielectric constant of the 
sea ice (at the radar sounding frequency), then the 
velocity of the EM wavelet in the ice can be deter-
mined, and, if the transit time of the wavelet from 
the surface to the ice bottom and back is measured 
by an impulse radar system, then the ice thickness 
can be estimated. Unfortunately, the dielectric 
constant of the sea ice is generally not known and 
some "representative" value is assumed that can 
lead to a poor estimate of the EM wavelet velocity 

nated antenna frequency.  
The first ice floe, located north of Prudhoe Bay,  

Alaska, was studied the first week of May 1985  

when air temperatures were between-15 and-20°C.  

On this floe, three parallel lines, about 240 m long  

and 11.5 m apart, were established. Along each  
line, radar sounding profiles were made and snow,  
D and ice, D. thicknesses were tape-measured.  S, 
The center of the lines crossed over a small pressure  

and, therefore, ice thickness determination. ridge (Fig. l a). Ice thickness was determined by use  

of an electric drill powering a 5-cm-diameter con-
tinuous-auger flight system. With a generator, this  

system, with ten 1-m-long stainless steel auger  
flights, weighed about 60 kg. On average, about 70  

m of ice was drilled per hour. This time included  
drilling, tape measurement of ice thickness, and  

relocation of equipment to the next drill site. These  

sites were spaced about 7.5 m apart along each of  

In this report we present the results of over 225 
drill hole measurements to determine sea ice thick-
ness and snow depth. These measurements were 
correlated with impulse radar sounding data to 
develop simple relations between the impulse radar 
EM wavelet two-way travel time and the snow plus 
sea ice thickness and the sea ice thickness. 

the three lines, as shown in Figure lb.  

FIELD MEASUREMENTS The second ice floe was studied in late Apri11987  

when air temperatures were also between —15 and  

—20°C. This floe was located northwest of Prudhoe  

Bay. On this floe, radar sounding and snow and ice  
thickness measurements were made at random  

locations. Ice thickness measurements were made  

using a tape lowered through holes bored in the ice  
by a hot-water drilling system. This system weighed  

about 240 kg and consisted of a small oil-fired  

boiler, a high-pressure pump, a generator and a  

Two second-year sea ice floes were studied to 
determine their snow and ice thickness variation 
and the two-way time of flight of an impulse radar 
EM wavelet traveling from the surface to the ice 
"bottom" and back to the surface. The measure-
rents included impulse radar profiles made on the 
surface and from a helicopter. A Geophysical Sur-
vey Systems, Inc., impulse radar system was used. 
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Figure 1. Ice floe studied in 1985. 

hose reel with 60 m of hose. The drill probe con-
sisted of a hollow,1-m-long, 2.5-cm-diameter brass 
rod with a tapered end. Water exited at the probe 
tip through a hole about 63 mm in diameter. Seawa-
ter was heated and used as the drilling fluid. With 
55 m of hose resting on the ice, the temperature of 
the water at the probe tip was about 45°C. In a 4- 
hour period, with air temperatures at —18°C, the 

hot-water drill we used melted holes through ice  

having an average thickness of 4.9 in at an average  

rate of 1.75 m/min. This rate included the short  

time required to move the hose and probe from one  
site to the next and measure the snow and ice  

thickness. Each site was 5m from the previous one.  
As with the mechanical auger flight system, the  
hot-water drilling was a two-man operation.  
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Table 1. Radar and thickness information from the 80-MHz antenna for the ice floe studied in 1985.  

Snow and ice Snow and ice  
Time iii Ice Snow and ice 	apparent Time in Ice Snow and ice 	'ipparent  

Statiou snow and ice thickness tliickiiess dielectric constant Station snow and ice thickness thickness dielectric constingt  

no. (1,$) (m) (in) Ε no. (ns) (m) (in) Easy  

27-2 25.0 1.60 1.70 4.87 26-a26 44.5 3.25 3.30 4.09  
27-3 26.0 1.70 1.75 4.97 27-0 44.5 3.40 3.60 3.44  
27-4 26.5 1.75 1.85 4.62 27-30 45.5 3.41 3.50 3.80  
26-a3 27.0 1.58 1.85 4.79 27-11 45.5 3.57 3.65 3.50  
26-a0 28.0 1.78 1.85 5.15 27-28 45.5 3.71 3.80 3.23  
26-0 28.5 1.91 2.00 4.57 27-26 45.5 3.42 3.50 3.80  
26-a30 29.0 1.95 2.00 4.73 26-a23 45.5 3.13 3.60 3.59  
27-7 29.0 1.97 2.15 4.09 26-22 46.0 3.63 3.70 3.48  
26-al 29.5 1.88 2.00 4.90 26-7 47.0 3.52 3.70 3.63  
26-5 30.0 2.06 2.10 4.59 26-21 47.0 3.62 3.70 3.63  
26-4 33.5 2.27 2.45 4.21 27-20 47.0 3.30 3.85 3.35  
26-a31 34.0 2.06 2.30 4.92 26-9 47.0 3.58 3.65 3.73  
26-a4 34.5 2.25 2.45 4.46 26-18 47.0 3.38 3.80 3.44  
26-a6 34.5 2.12 2.50 4.28 26-α10 47.0 3.50 3.60 3.84  
26-a8 35.0 2.31 2.50 4.41 26-a21 47.5 3.51 3.60 3.92  
26-25 35.0 2.34 2.60 4.08 26-20 47.5 3.77 3.80 3.52  
26-a29 35.5 2.43 2.65 4.04 27-21 48.0 3.79 3.85 3.50  
26-1 35.5 2.50 2.60 4.19 26-8 48.5 3.63 3.70 3.87  
27-25 35.5 2.31 2.70 3.89 26-a22 49.0 3.67 3.75 3.84  
27-24 36.5 2.55 2.75 3.96 26-11 49.0 3.40 3.60 4.17  
26-26 39.0 2.94 3.00 3.80 26-a28 50.5 3.82 3.90 3.77  
27-22 39.0 2.76 3.10 3.56 26-a13 50.5 3.93 4.00 3.59  
26-a32 39.0 2.81 2.90 4.07 27-14 51.0 3.87 4.00 3.66  
27-13 39.0 2.73 2.85 4.21 27-29 51.0 4.16 4.25 3.24  
26-a7 39.0 2.50 2.90 4.07 26-all 51.5 3.62 4.00 3.73  
26-31 39.0 2.79 2.90 4.07 27-19 52.0 3.76 4.00 3.80  
26-29 40.0 2.94 3.05 3.87 26-19 52.0 4.21 4.30 3.29  
27-32 40.0 2.72 3.10 3.75 27-15.5 54.0 3.93 4.45 3.31  
26-6 40.0 2.71 3.10 3.75 26-12 54.0 4.11 4.20 3.72  
27-31 40.0 2.85 3.00 4.00 26-15 54.5 4.12 4.55 3.23  
26-30 40.0 3.07 3.25 3.41 26-a14 55.0 4.32 4.60 3.22  
27-27 40.0 2.77 3.20 3.52 26-a12 57.0 4.37 4.45 3.69  
26-a25 40.5 2.71 3.20 3.60 26-14 58.0 4.64 4.70 3.43  
26.49 41.0 2.75 3.00 4.20 26-a15 58.0 4.20 4.70 3.43  
27-10 41.0 3.14 3.20 3.69 26-2 58.0 4.43 4.55 3.66  
26-27 41.0 3.13 3.25 3.58 26-17 59.0 4.55 4.95 3.20  
26-a5 41.0 2.97 3.05 4.07 26-a19 59.0 4.51 4.60 3.70  
26-32 41.0 3.23 3.30 3.47 26-a14.5 63.0 4.80 5.20 3.30  
26-3 42.0 3.02 3.50 3.24 27-18 63.0 4.84 5.05 3.50  
27-12 42.5 2.97 3.10 4.23 26-a15.5 64.0 4.59 5.05 3.61  
27-9 42.5 3.23 3.30 3.73 26-a 18 72.0 5.59 5.80 3.47  
27-23 43.0 3.19 3.30 3.82 26-a16 73.5 5.95 6.05 3.32  
26-28 43.0 3.18 3.25 3.94 26-16 74.5 6.06 6.10 3.36  
26-10 43.0 2.98 3.20 4.06 27-17 76.5 5.99 6.20 3.43  
26-a27 43.0 3.07 3.30 3.82 27-17.5 78.0 6.05 6.20 3.56  
26-a24 43.0 2.99 3.40 3.60 26-al 7.5 80.0 6.29 6.60 3.31  
27-8 43.5 3.30 3.40 3.68 27-16.5 83.0 6.35 6.65 3.51  
26-24 44.0 3.41 3.50 3.56 26-a17 84.0 6.61 6.90 3.33  
26-23 44.0 3.45 3.50 3.56 26-α16.5 91.0 7.65 7.70 3.14  
26-a20 44.5 3.07 3.35 3.97  

3  
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Figure 2. Graphic record of radar sounding profiles taken in 1985 with the 80-MHz antenna along lines 26 (top  

record)  aiid 26a (bottom record).  



RESULTS two-way travel times. The snow cover is generally  
not of interest, but is frequently present on winter  

ice. To aid in the above goal, plots of Dpi  vs  Τ, i  are  
shown in Figure 4 for the 1985 and 1987 data. There  

may be a slight bias in the data of less than 1 ns. This  

bias would be caused by system timing inaccura- 

In 1985, radar profiles along each of the three 
lines shown in Figure 1 were made by dragging the 
80-MHz antenna on the surface. The graphic rec- 
ords of the two-way EM wavelet travel times ob-
tained along line 26 αnd 26a are presented in Figure 
2. Only one voltage polarity was printed to high-
light the reflection from the ice "bottom" and to aid 
in picking the two-way time of travel, Τ of the 

cies. Another reason for a time bias is that the ΕM  
wavelet was not reflected from the ice/water bound- 

si, 

ary, the tape-measured interface depth, but from a  

moist zone interface about 5 cm above the ice  

bottom (Kovacs et al. 1987). Linear and power  

regression curves were fitted to the data. Both  

curves have nearly identical correlation coefficients.  
The power curve is more realistic since it shows  

that the time is zero when the thickness is zero.  

Also the linear curve indicates that the ratio DIT.  
is a constant, which implies that the bulk dielectric 
constant, Εasi,  is a constant independent of sea ice 
thickness. Younger, thinner sea ice has a higher 
dielectric constant, Εai, than older, thicker sea ice  
since there is proportionately more brine vs depth  

transmitted ΕM wavelet from the antenna on the 
surface, through the snow, to the "bottom" of the 
ice, and then back to the antenna. Since the antenna 
was pulled along the surface, the travel time in-
eludes the wavelet propagation time through the 
snowcover, where it existed, as well as ii' the ice. 
Cross sections of the snow and ice thickness mea-
sured along lines 26 and 26a are presented in Figure 
3. Figures 2 and 3 reveal similar profile variations. 

The ΕM wavelet travel time in the snow and ice 
at each station is listed, in ascending order, in Table 
1. Also listed are the ice and the snow plus ice 
thicknesses, αnd the calculated apparent dielectric 
constants for the combined snow plus ice thickness, 

in thinner sea ice, which retards ΕM wavelet propa- 
gation (Kovacs et al. 1987). Therefore, Dsi/Tsi 
not be a constant. However, the reason for includ- 

can- 

Εasi at each station. Easj  was determined from Easj 
_ (Tx C/2 D )2, where C = 0.3 in ns 1  and 

ing the straight line curves is that they represent  

simple equations for estimating the thickness of  

winter sea ice from the measured ΕM wavelet two- 
way travel time in ice between about 1 and 8 m  

thick. In addition, use of the linear curves provides  

thinner and, therefore, more conservative estimates  

for ice between about 1 and 2 in thick, a range of  

Dsi is the 
snow—ice thickness. represents a bulk electrical 
property that controls the effective speed at which 

as i  

the ΕM wavelet travels in the medium. 
A similar presentation of the data collected in 

1987 with the 120-MHz antenna is given in Table 2. 
The ice thickness at each station is also listed in 
Table 2 along with the relative apparent dielectric 

practical concern for certain over-ice travel.  

constant of the ice, Ελ i, as determined by E i = (Τ 
The slopes of the linear regression lines passing  

through the data in Figure 4 are the same, but there  
is a slight vertical offset. Statistically, this offset is  
not significant, since the line for one data set falls  

well within the standard deviation of the other.  

Nevertheless, the offset is related to differences in  

x C/2 D) 2 . 
, i 

In most ground-based or airborne radar sound-
ing surveys of sea ice thickness, the goal is to 
estimate the ice thickness from the ΕM wavelet 

i 

0 Cross-section Line 26 

2  

4 - 

6 
WEST EAST  

E 8  

0 r— 
26 a 

2  

4  

6 
Figure 3. Snow and ice thicknness, D^ .,  

  tracks 26 and 26a pprroof  iilleedd  inn 
1985 with the 80-MHz aiiteuiia. 

8 12 16 20 24 28 
Station 

5  



Table 2. Radar and thickness information from the 120-MHz antenna for the ice floe studied in 1987.  

Snow and ice Snow and Ice Ice  
apparent Ice apparent apparent  

Time in Ice Snow and ice dielectric apparent Time in Ice Ice 	dielectric dielectric  
Station snow and ice thickness thickness 	constant dielectric constant Station snow and ice thickness thickness constant constant  

no. (ns) (m) (m) no. (ns) (m) (m) as; αi αs1 αί  

lead 10.0 0.55 0.55 7.44 7.44 E-32 55.0 4.01 4.20 3.86 4.23  
lead 17.0 0.95 0.95 7.20 7.20 C-25 55.0 4.12 4.27 3.73 4.01  
lead 23.0 1.45 1.45 5.66 5.66 E-38 55.0 4.19 4.22 3.82 3.88  
C-47 25.0 1.60 1.82 4.24 5.49 Ε-33 55.0 4.21 4.28 3.85 3.84  
C-59 29.0 1.75 1.90 5.24 6.18 G-11 55.0 4.16 4.25 3.77 3.93  
C-60 30.0 1.78 1.98 5.16 6.39 E-30 56.0 4.07 4.15 4.10 4.26  
I-22 31.0 2.01 2.02 5.30 5.35 I-39 56.0 4.27 4.35 3.73 3.87  
I-23 33.0 2.06 2.11 5.50 5.77 I-31 56.0 4.03 4.29 3.83 4.34  
C46 33.0 2.20 2.50 3.92 5.06 C-21 57.0 4.29 4.31 3.94 3.97  
I-24 34.0 2.05 2.09 5.96 6.19 C-33 57.0 4.30 4.35 3.73 3.95  
C-64 37.0 2.46 2.70 4.22 5.09 Ε-23 57.0 4.26 4.42 3.74 4.03  
C-52 38.0 2.75 2.80 4.14 4.30 E-21 57.0 4.30 4.32 3.92 3.95  
G-11 40.0 2.45 3.05 3.87 6.00 C-22 57.0 4.29 4.48 3.71 3.97  
C-54 40.0 2.60 2.85 4.43 5.32 C-20 57.5 4.30 4.46 3.74 4.02  
G-20 40.0 2.90 2.92 4.22 4.28 G-35 58.0 4.42 4.49 3.75 3.87  
C-63 40.0 2.83 2.85 4.43 4.50 I-38 58.5 4.48 4.55 3.72 3.84  
C-50 42.5 3.10 3.26 3.82 4.23 I-35 59.0 4.55 4.57 3.75 3.78  
C-49 42.5 3.23 3.46 3.40 3.90 I-13 59.0 4.50 4.52 3.83 3.87  
C-44 43.5 3.16 3.26 4.00 4.26 I-17 60.0 4.11 4.31 4.36 4.80  
C-57 44.0 3.18 3.20 4.25 4.31 C-34 60.5 4.68 4.71 3.71 3.76  
C-55 45.4 3.22 3.25 4.31 4.39 Ε-22 61.0 4.66 4.67 3.84 3.86  
G-25 45.0 3.05 3.15 4.10 4.90 C-37 61.0 4.70 4.76 3.70 3.79  
C-45 45.0 3.30 3.33 4.39 4.18 C-38 61.0 4.97 5.13 3.18 3.39  
Ε-25 45.0 3.62 3.76 3.22 3.48 C-24 61.0 4.70 4.88 3.57 3.79  
C-53 45.0 3.31 3.34 4.08 4.16 C-10 61.0 4.63 4.76 3.70 3.91  
E-29 45.0 3.57 3.61 3.50 3.58 1-40 61.5 4.78 4.80 3.69 3.72  
C-56 46.5 3.35 3.40 4.21 4.34 C-40 62.0 4.90 4.92 3.57 3.60  
C-65 46.5 3.27 3.33 4.39 4.55 G-39 62.0 5.06 5.15 3.26 3.38  
C-43 47.0 3.51 3.56 3.92 4. ο3 E-38 62.0 4.19 4.22 4.86 4.93  
G-33 47.0 3.35 3.55 3.94 4.43 G-38 63.0 4.68 4.70 4.04 4.08  
I-18 47.0 3.50 3.66 3.71 4.06 C-19 64.0 4.98 5.00 3.69 3.72  
G-26 47.5 3.35 3.48 4.19 4.52 I-36 64.0 4.94 5.01 3.67 3.78  
G-21 48.5 3.46 3.58 4.13 4.42 C-9 65.0 5.06 5.26 3.44 3.71  
Ε-26 49.0 3.51 3.59 4.19 4.38 C-4 65.0 5.05 5.50 3.14 3.72  
Ε-19 49.0 3.37 3.63 4.10 4.76 I-41 65.0 4.91 4.94 3.90 3.94  
I-12 49.5 3.70 4.05 3.36 4.03 Ε-40 66.0 5.60 5.62 3.10 3.12  
G-17 50.0 3.55 3.78 3.94 4.46 C-7 67.0 5.08 5.30 3.60 3.91  
G-18 50.0 3.75 3.77 3.96 4.00 C-18 68.0 5.49 5.52 3.41 3.45  
G-19 50.0 3.95 3.97 3.57 3.60 I-37 68.0 5.37 5.39 3.58 3.61  
Ε-27 50.5 3.79 3.82 3.93 4.00 C-23 68.5 5.44 5.44 3.57 3.57  
I-31 51.0 3.76 4.00 3.66 4.14 C-17 69.0 5.41 5.44 3.62 3.66  
G-34 51.0 3.88 3.92 3.81 3.89 C-15 69.0 5.32 5.51 3.53 3.78  
C-31 51.5 3.85 3.91 3.90 4.03 C-16 69.0 5.51 5.52 3.52 3.53  
C-28 52.0 3.83 4.04 3.73 4.15 C-8 69.0 5.44 5.46 3.59 3.62  
Ε-24 52.0 3.82 3.93 3.94 4.17 G-41 70.0 5.30 5.33 3.88 3.92  
G-20 52.0 3.90 3.92 3.96 4.00 C-6 71.0 5.50 5.53 3.71 3.75  

G-28 52.0 3.89 3.91 3.98 4.02 C-11 72.5 6.16 6.18 3.10 3.12  
C-30 52.0 3.93 3.95 4.05 3.94 C-14 73.0 5.66 5.67 3.73 3.74  
I-32 52.0 3.97 4.00 3.96 3.86 E-36 73.0 5.75 5.78 3.59 3.63  
Ε-20 52.0 3.89 3.92 3.96 4.02 G-12 74.0 5.76 5.77 3.70 3.71  
C-29 53.0 3.93 3.97 4.01 4.09 C-1 75.0 6.19 6.27 3.22 3.30  
C-27 53.0 3.83 3.98 3.84 4.31 C-35 75.0 5.96 5.99 3.34 3.56  
C-26 53.0 3.90 4.03 3.96 4.16 C-36 75.5 6.15 6.20 3.34 3.39  
C-42 53.0 4.07 4.09 3.78 3.82 C-13 79.0 6.15 6.16 3.70 3.71  
C-41 53.5 4.04 4.08 3.87 3.95 E-11 79.5 6.64 6.71 3.16 3.22  

C-32 54.0 3.93 4.18 3.76 4.25 C-39 80.0 6.22 6.24 3.70 3.72  
Ε-18 54.5 4.17 4.27 3.66 3.84 Ε-13 82.5 6.44 6.58 3.54 3.69  
Ε-31 55.0 3.69 4.18 3.90 5.00 C-12 83.0 6.52 6.72 3.43 3.65  

Ε-12 91.0 7.15 7.32 3.48 3.64  
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a. 1985 data obtained with the 80-MHz antenna.  
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b. 1987 data obtained with the 120-MHz antenna. 

Figure 4. Snow and ice thickness, Dsi, vs two-way E Μ wavelet flight 
time, ΤSi, in snow and ice.  
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Figure 5. Ice thickness, DÍ, vs two-way E Μ wavelet flight time, Τ , , in  
snow and ice for 1987 data obtained with the 120-MHz antenna.  

snow cover thickness (averaging 20 cm in 1985 vs 
11 cm in 1987) and, to a lesser extent, to antenna 
frequency and timing variations between anten- 

seems to reach a relative constant value, as can be  

inferred from the data in Figure 6. This trend is in  
agreement with the model results of Kovacs et al.  

nas, and to ice floe property variations. (1987).  
For the situation where only sea ice thickness is 

desired, we stripped out the snow thickness and 
Our attempt to profile the snow—ice thickness  

from the air at the 1985 field site was not successful.  

An attempt by Exxon Corporation, using a radar  

system developed for them by Cambridge Con-
sultants, Ltd., Cambridge, England, to profile the  

same floe was also not successful.* We believe the  

ice was too lossy to allow the 80-MHz antenna's  

provide the relation between D i and Tsi fοr the 1987 
data in Figure 5. This relation may be useful for 
estimating the relative thickness of cold winter sea 
ice between about 1 and 8 m thick. 

Plots of Eas i  as a function of Ds .  for the 1985 and 
1987 data are given in Figure 6. A s imilar plot of E 

vs Di  for the 1987 data is shown in Figure 7. These 
plots clearly show that E asi  and Eai  increase rapidly 
with decreasing ice thickness. This is expected 
since the brine content is higher in the thinner ice 
and it is this conductive liquid fraction that greatly 
affects the electromagnetic properties of sea ice  

ai transmitted EM wavelet to penetrate to and be  

reflected from the bottom of this type of sea ice.  

This was so even when the helicopter-mounted  

antenna was flown as low as 5 m above the surface.  

No airborne radar profiling was undertaken dur-
ing the 1987 field study.  

(Kovacs et al. 1987). As sea ice grows thicker and  

ages, more brine will drain out of the ice. The result 
is that the bulk dielectric constant of the thicker ice 

* Personal communication with G.F. Gehrig, Exxon  
Production Research Company, Houston, Texas, 1989.  
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a. 1985 data obtained with the 80-MHz antenna.  

8 Ι ι Ι ι ι ι ι  

εasi = 6.069 exp(- 0.629Dsi) + 3.359  
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b. 1987 data obtained with the 120-MHz antenna.  

Figure 6. Apparent dielectric constant of snow and ice, East, vs snow 
and ice thickness, Dst.  
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Figure 7. Relative apparent dielectric constant for ice, E ij, vs ice thickness,  
D .,  for 1987 data obtained with the 120-MHz antenna.  

DISCUSSION pure ice, at the frequencies of interest, is about 3.15,  

but for sea ice the bulk dielectric constant is higher  

(because of its brine content) and varies with brine  
volume. However, as sea ice grows thicker or ages,  

there is less brine in the ice because of brine drain-
age processes. This drainage "freshens" the ice  
and, thus, reduces its bulk dielectric constant.  

The data presented in this report allowed devel-
opment of relationships for estimating snow plus 
sea ice thickness and ice thickness from just the 
measured two-way time-of-flight of an ΕM way-
elet, in about the 100- to 200-MHz frequency band, 
traveling from the surface to the ice "bottom" and  

back to the surface. Knowledge of the bulk dielec-
tric constant or the ΕM wavelet velocity in the snow 
and ice is not needed. The simple linear relation-
ships seem to be good for ice thickness from about 
1 to 8 rn. Another relationship presented is that 
found between Ea i  and D. This relation shows that 
thin winter sea ice has a higher Eai  than thick ice. 
This is reasonable since the dielectric constant of  
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