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ABSTRACT: The radar device for measurement of thickness and structure of “warm”
glaciers was used in this work. The measurement of thickness of dielectric is based
here on the examination of transit time of hight frequency electromagnetic pulse throught
the measured stratum.

A total ice volume of “warm” glaciers is in the melting temperature here. Such
glaciers are characterized by a large number of internal structure defects. The electro-
magnetic wave reflections are caused not only b the glacier base but, additionally by ice
crevasses, more imbided water layers and by all other defects of the internal glacier
structure, too.

The simple statistical method was elaborated for differentiation of essential layers
reflections from random reglections caused by less extented objects.

This method was used to obtain the two transversal profiles' of the Hans Glacier
(South Spitsbergen).
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1. Introduction

The need to fix the geometry of investigated glaciers for estimation
their masses and for solution their dynamical problems has been lasted
in the program of glacial exploration of Polish polar expeditions for many
years.

The thickness of Hans Glacier (the nearest glacier to the Polish Scientific
Polar Station in Hornsund Fiord) has been tried to estimate on the base
of the spectrum analysis of natural glacier clicks (Czajkowski 1977) and
by the method so called “the small seismics” (Czajkowski, unpublished data).
The average result, proportional to a big area of glacier was obtained in
the first case and it was charged by a big error. In the second case the
energy of stricking hammer was too small for the seismic examination of

*) The work was made during the Summer Spitsbergen Expedition in 1979 organized
by Institute of Geophysics, Polish Academy of Sciences.
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glacier. There is no permission for making explosions in this area because
of enviromental protection — so the seismic method can not be used. There-
fore, it was necessary to take advantage of radar device to obtain accurate
and easy for interpretation results.

The theory of radar measurements applicated to glaciers was elaborated
by Ginzburg (1960), Bogorodskij and Rudakov (1962), Robin, Evans
and Bailey (1969) and others.

Such measurements have been used for glaciers of Antarctic, Greenland
and Alaska. They were performed by big aircrafts, helicopters and by vehicles
crossing glaciers surface, too. To date elaborated methods are adequate
for “cold” glaciers, where the total ice volume lasts in minus temperature.
These glaciers have rather simple structure and are characterized by not
quite extended net of crevasses. However, our attention lays on “warm”
glaciers, small and full of crevasses with a very complicated internal structure.
The temperature across the whole depth of glacier is close to 0°C in the
area of our work, except the surface layer of few meters thickness (Grzes
1980).

A performation of air measurements on small glaciers gives a mean result
because the sounding beam is too wide. It is difficult to determine the
beam location precisely. In this case returns from mountain slopes surrounding
the glacier and from the surface and the internal, moraine layers are registered,
too.

The dissipation of energy is greater in the case of air measurements
than in measurements made directly on the glacier surface.

It was necessary to elaborate the method of distinction of essential
reflections caused by rocky ground of glacier and by his internal layers
from random and local reflections. Than we decided to perform our measure-
ments on the glacier surface to obtain the precise map of rocky glacier-
-ground.

2. Theory of measurements

Radar methods of thickness study of layered structures are based on the
measurements of transit time of the pulse of electromagnetic wave through
the measured layer. The radar-transmitter via an antenna emits the high-
-frequency short pulse of electromagnetic wave. The pulse runs through the
measured layer, reflects from the boundary of layer and returns to the
surface, where it runs through the antenna and the receiver to the indicator
(Fig. 1). The direct pulse from the transmitter (so called sounding pulse)
comes to the receiver regardless the pulse reflected by the ground (so called
return). The delay time between these pulses is equal the double run-time
of electromagnetic wave through the measured layer, under the condition
that the distance between the transmitting and receiving antenna is sharp
less than the thickness of layer.

We can determinate the thickness of layer when we know the mean
velocity of wave propagation in the layer obtained from the simple formula:
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Fig. 1. The schematic diagram of the sounding method
1 — transmitting antenna, 2 — receiving antenna, 3 — transmitter, 4 — receiver, 5 — indicator,
6 — surface of glacier, 7 —rocky glacier ground, 8 — mirror reflection of glacier surface,
| — distance between the transmitting and the receiving antenna, h — thickness of glacier

where:

h — thickness of layer,
V,,— mean velocity of wave propagation,
t — double run-time of wave pulse through the layer.
When the velocity of wave propagation is different for the different depth
of glacier we should joint the above mentioned quantities with the velocity
distribution as follows:

nax

t(hy= [ V (h)dh
0

Radar methods give the possibility to investigate media composed of few
layers. In this case we obtain a number of returns and we can calculate
the corresponding thicknesses, when we know the wave velocities for the
particular layers. Some returny from the defects of internal structure of
glacier are registered, however, on the indicator, and they make troubles
with interpretation.

The Maxwell equations determine the electromagnetic wave propagation
in glaciers, which are dielectrics taking into account their electric conductivity.

Let us write these equations for medium without sources where the
current j occure, and the time depending has the form e ™' (where: w —
angular frequency):

VXFI = _i(I)SO E""j
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The first Maxwell equation we could write in the mentioned below form,
when the current j=¢-E is present:

VxH = —iwe V (2)

Here: ¢ — the conductivity of the medium,
.0 . : : .
€ = go+1— = gy +ig; — dielectric constant of the medium
)

From (1) and (2) we obtain the equations for the field components, for
example for E:

V2E,+k*E, =0 ‘ A3)
where: k? = w? ep,.
The solution of (3) has the form:
Ex = EOx eikr : (4)
where:
k|2 = k? = 0? epy = 0? gy fo+ iopeo
E,, — wave amplitude depending on the excitation.

We have no dependence on x and y for the plane wave propagated in
the z direction (i.e. to the bottom of layer), so the wave vector k = [0, 0, k]
and all components of E and H depend on z only, like ¢**. Than we are
interested in the length of wave vector (the number k). We assume: k = a+if},
k* = o> —B*+2iaf and from the above mentioned form and equation (4)
we obtain:

a?— % = w® & o } (5)

1
a-f=—wou
From the system of equations (5) we receive:
a=wN(w
(w) . ©)
p=owK(w)
where: ) )
2 =
& U o )
N(QJ)={ °2 2 [<1+ w262> +1]}
and

2 \% 2
co- {2 (0 7))

N (w) — coefficient of refraction,
K (w) — coefficient of attenuation.
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The following denotations are used below for the convenience and the
possibility of comparison with the other works:
£ o

= o (1+itg 8) where: tgd = —- = ,
e =¢y (1+itgd) where: tg o Dh

Now the equations (6) have the following form:

a=wN(@=o {% [(1+tg? 0) + i]}%
U

B=wK (@@= {% [(1+1tg? 5)%—1]}%

The factor e” bears the responsibility for the propagation, and the factor
e % —for the attenuation
Follows that we can obtain for the velocity of wave propagation in the

medium:
o 1 _ ) & Mo 4
V== N _{ > [(1+tg25)%+1]} ®)

Because the glacier is a dielectric, its relative permeability equals one, i.e. uo =
= 1. We receive:

_L %o 2 5\d -3
=- {2 [(1+tg? d) +1]} ©)

where &, is relative permitivity of the glacier, and ¢ is light velocity in
vacum. The dependence of dielectric constants of frequency for homogeneous
dielectries is described by the Debay’s equations:

gyt (07) &y

o T rwr)? i
_ (ep—ey) wr )

T 14 (wr)?

where: 7 — the time of, thermal relaxation of molecular polarization around
the direction of the applied field

and ¢, = 1}%80, £, = lim &,.

w—rL

The expression (10) can be applied exclusively in the case when the medium
is characterized by the single value of the relaxation time.
The factor ¢, descends monotonically when the frequency grows up to

. 1
the value ¢,, but the factor ¢, runs to the maximum at the value w = —.
T
The parameter t is exponentially connected with the temperature:
t=aexp(—bT),

where T — absolute temperature.
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The validity of (10) applicated for fresh — water ices as well as glacial ices
has been verified in many experimental works. Evans (1965) and Saxon

2900
(1950) state that ¢, = 3.2 and log 7 = T 15.3 as well as ¢, is the function

of temperature.

For example: ¢, = 93, when t = 0°C and
¢, = 133, when t = —64°C.

The dependence of the dielectric permittivity &, on frequency for the
different temperatures is shown on Fig. 2. The diagram shows ¢, takes the
value 3.2 for the frequency f > 10° Hz regardless temperature.
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Fig. 2. Dielectric permittivity £ in the function of frequency for different temperatures according
with Eder (1947)

The dependence of tg é on frequency for the different values of temperature
is shown on Fig. 3, tgd is almost independent on temperature and on
frequency beeing sharp less than 1, when the frequency f > 10’ Hz. Con-
sequently the expression for the velocny of wave propagation in the ice
for f > 107 Hz has the following form:

V =
€0
Therefore it is necessary to choose the frequencies f > 107 Hz because the
velocity of propagation of electromagnetic wave in the ice is then independent
of temperature. The lower frequency wave would be more convenient, because -

it would not be dissipated by small defects of glacier structure.



Measurements of thickness glaciers 27

tgd 20° 10
- 300 r; '10 \
2 /,// '(- / ,@\ \\
/ / |30
1
/ / / / ><' \
VAN
v/ s 7’ N N
ZZil e
0102 10° 10 10° 10° 10" f[Hz]

Fig. 3. Tg ¢ in the function of frequency for different temperatures, according with Eder (1947)

The loss of wave energy between the transmitting antenna and the receiving
antenna is one of the basic factor in the radar sounding. We can specify
here:

a) losses inside the medium as result of selfabsorption, related to the two-

-times transition of the wave trough the medium,

b) losses at the lower boundary of the layer,

c) dissipation losses at the lower boundary of the medium and at (on) the
heterogeneous defects of the medium,

d) losses at the interface between an ice — an air,

e) losses caused by the focusing properties of medium,

f) polarization losses caused by the difference of polarization between the
transmitting signal and the signal reflected by the ground.

The attenuation of signal in the medium strongly depends on temperature.
The losses of energy can rise very much making the measurements impossible,
when a water occurs-inside the glacier or on its surface, so even when
more imbibed water layers are present.

It is difficult to estimate theoretically a total attenuation ‘in all circum-
stances, so it was more effective to check this relation experimentally on
different glaciers with a variable structure and varied thermal conditions.

3. The device specification

The pulse, air radio altimeter for the high-altitude measurements (the
type RW-10) was used. It has the following technical specification:

1. frequency of the carrier wave 440 MHz + 1 MHz
2: peak power of transmitter TW
3. time of pulse duration about 0.5 sec

4. frequency of pulse repetition 99921 Hz+25 Hz
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5. receiving bandwith 6 MHz
6. sensivity of receiver 60 V
7. supply A.C. 110+ 5%, 400 Hz+ 109
8. input power 115W
9. weight (without antennas and cables) 14 kg

The system obtains the required electrical parameters from the converter
supplied with the voltage 26 V of rectified current.

This current is obtained before-hand from the rectifier supplied by the
normal voltage (220 V, 50 Hz) generated by the alternator of 1 kW output
power, driven by IL.C. engine.

The system was installed in plastic containers on the Nansen sleigh.
Two persons were enough to pull the sleigh from the one measuring point
to the next one in the easy area, but four persons were necessary for
a longer transport.

Antennas make one of the leading problems in the radar sounding. They
should have the sharp characteristics because the emitted energy should be
beam transmitted as much as possible.

It is important to avoid reflections caused by the mountains surrounding
the glacier and by the outskirt crevasses of glacier, also. .

Antennas should be light, easy for a transport and effortless in the time
of instalation on glacier, too.

The antennas used during our measurements were pulled out one from
another to a considerable distance.
The following factors were considered in the choise of antennas:
1. simple mechanical construction,
2. small dimentions and convenient operation, if possible,
3. beam transmission of the antennas,
4. possibility of obtaining the significant attenuation between the antennas.
The following types of antennas were taken into account:
1. the multi-element antenna of the type “Yag1
2. .the dihedral reflector antenna, :
3. the parabolic antenna.

The dihedral reflector antenna “illuminated” by the typical for the radio —
altimeter RW-10 half, wave dipole was selected. It is possible to set up
the above antenna on ice directly, without the necessity to build an additional
supporting construction as in the case of the “Yagi” type antenna. Our
antenna is simpler mechanically than the parabolic, reflector antenna and
les exposed to the change of electric parameters under the influence of
mechanical deformations.

The side — stay radiation of the dipol was reduced thanks the addition
of the two complementary, perpendicular walls to the dihedral reflector (an
antenna — an antenna coupling). These walls reinforced the construction of
antenna additionally (Fig. 4).

The dimentions of the whole construction are on Fig. 5.

The directional characteristics of used antennas were determined experi-
mentally. Fig. 6 shows the E-plane characteristic and Fig. 7 the H-plane
characteristic of them.
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Fig. 4. Antennas on the glacier surface in the position of work
Photo R. Czajkowski



























































