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RADIO ECHO SOUNDING ON TEMPERATE GLACIERS

By R. H. Goopman®
(Environment Canada, Water Management Service, Calgary, Alberta, Canada)

ApsTRACT. A high-resolution radio echo sounder operating at a frequency of 620 MHz has been developed
for studies of temperate glaciers. Excellent spatial resolution is obtained through the use of a short pulse
length (70 ns) and an antenna beam width of 5.2°. Large amounts of high-quality data may be rapidly
collected since the sounder incorporates an automatic positioning system and an on-line computer. Real
time analysis of the echoes facilitates the understanding of complex reflecting horizons observed in temperate

laciers.
X Results obtained during field trials of the echo sounder on both the Wapta Icefield and Athabasca Glacier
are given. Intraglacial structures which may be due to water levels within the ice have been detected.

ResumE. Sondage radio-écho pour des glaciers tempérés. Pour étudier les glaciers tempérés, on a construit un
appareil de sondage radio-écho, 4 grand pouvoir de résolution, de fréquence 620 MHz. Une excellente
résolution en distance et direction est obtenue grice & une impulsion de petite durée (70 ns) et & une
antenne dont la largeur de faisceau est de 5,2°. Une grande moisson de données de haute qualité peut étre
rapidement rassemblée griace a Pincorporation d’un systéme de positionnement autcmatique et d’un
ordinateur. L'analyse du temps réel des échos facilite le discernement des horizons complexes de réflexion,
observé dans les glaciers tempérés.

On présente les résultats obtenus durant les essais de 'appareil de sondage radio-écho effectués sur le
terrain: d’une part le Wapta Icefield et d’autre part le Athabasca Glacier. On a ainsi détecté des structures
internes de la glace, qui pourraient étre dues a des niveaux d’eau pris entre deux couches de glace.

ZUSAMMENFASSUNG. Funkecholotung auf temperierten Gletschern. Fir die Untersuchung von temperierten
Gletschern wurde ein 620-MHz-Funkecholot hoher Auflésung entwickelt. Durch kurze Impulslinge
(70 ns) und eine Antennen-Strahlweite von 5,2° wird ein hohes riaumliches Aufidsungsvermogen erzielt.
Da das Echolot iiber ein automatisches Ortungssystem und einen On-Line-Computer verfiigt, kénnen
grosse Mengen qualitativ hochwertiger Daten in kurzer Zeit erfasst werden. Die Echtzeitanalyse der Echos
erleichtert das Verstindnis der bei temperierten Gletschern zu beobachtenden komplexen Reflexions-
horizonte.

Es werden einige im Verlauf einer Erprobung des Echolotes im Wapta Icefield und am Athabasca
Glacier gewonnene Ergebnisse angefithrt. Intraglaziale Strukturen wurden entdeckt, die das Vorhandensein
von Wasserschichten innerhalb des Eises vermuten lassen.

INTRODUCTION

The application of remote sensing has become important in many aspects of glaciology.
While there are several geophysical techniques for measuring ice depths, only the pulsed
radar method is adaptable to non-contact measurements. Since the early work of Waite
and Schmidt (1962), and Evans (1963), depth measurements in cold polar ice using radar
have been reported by many workers; the proceedings of the Copenhagen conference
(Gudmandsen, 1970) are an excellent overview of the field. The technique has a variety of
names: radio echo sounding, radioglaciology, radiointroscopy and time-domain radar, but
the principle is the same. Interferometry (Hermance, 1970; personal communication from
J. R. Rossiter and others, 1971) and FM radar (Christofferson, 1970) also have been used
for ice-thickness measurements. An excellent review by Robin and others (1969), of the
Scott Polar Research Institute, summarizes their work in Greenland and the Antarctic.
The characteristics of some contemporary time-domain radars are summarized in Table 1.

A radar system for successful ice-depth measurements must be able to receive a detectable
echo, to eliminate extraneous reflections or ghosts and to resolve the structural characteristics
of the ice. The receipt of a detectable echo is limited by the radar performance characteristics
and the attenuation of the signal by the ice.
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TabLE I. CHARACTERISTICS OF THE VARIOUS TIME-DOMAIN RADAR SETS

Band Pulse Range
System F P width width accuracy
MHz kW MHz ps m
SPRI111 150 0.3 30 0.1 2.5
(England)
SPRI 1V 35 1.5 14 0.250 5
(England)
SCR 718C 440 0.007 3 0.500 20
(U.S5.A)
USAEL (1964) 30 " 0.200 3 0.500 20
(US.A))
TUD 6o 1.6 14 o060 5
(Denmark)
1 1o 6o
TUD 300 1.0 14
(Denmark)
ANARE (196g) 100§ 10 0.300 7
(U.S.A))
DENV 620 3.0 10 0500 7
(Canada) 30 0.070 2.5
U.S.S.R. 1My 213 50 1 2.500 6o
Norwegian 205 40 W 14 0.200 5
ADCOLE Goo 10W 450 o0.001 0.015
(U.S.A.)

Frequency (F)—(centre frequency). The choice
affects ice losses as shown in Figure 2.

Power (P)—(pulse power). This is a contribution to
system capability §.

Band width—This contributes to the resolution.

Pulse width—This contributes to the sampled
volume.

Range accuracy— This is the intrinsic resolution of the
electronics if no scattering or beam divergence were
present. A low number is desirable.

System performance—The total difference between

System  Antenna Antenna

perfor-  perfor-  beam  Dynamic
mance  mance width  range Reference
db db deg db
(excluding
antenna)

150 13 20 70 Evans (1970)

160 18 12 35 Evans and Smith
(1g69)

128 4 50 10 Sinsheimer (1947)

150 25 30 — Rinker and Mock
(1967)

168 28 20 70 Gudmandsen
(1970)

180 28 20 70

173 It 32 10 Evans (1970)

159 15 5.2 g0 Goodman ([1970])

154 15 5-2 g0

180 14 30 — Federov (1967)

120 1 16 — Personal com-
munication
from G. @strem,
1970

9o 14 30 - Rinker

(unpublished)

transmitted power and receiver sensitivity to a unity
signal to noise ratio. This is the RF part only and
excludes antenna.

Antenna performance gain—This is to be added to
sgrstem performance in comparing sounding capa-

ilities.

Antenna beam width—The parameter determines the
spatial resolution and linear resolving power of the
systemn.

Dynamic range—The total signal range the receiver
is capable of accepting. A high number is desirable.

All the above parameters have been taken from Evans (1970), and all the values are as his tabulation.

Figure 1 shows the signal attenuation in ice as a function of frequency for two temperatures.

The lower frequencies have reduced ice attenuation but lack spatial

resolution. The radar

system capability is characterized by its performance parameter S, which is defined as the
ratio of the transmitter peak power to the minimum detectable signal in the receiver or
recorder (Evans, 1970). The elimination or reduction of unwanted reflections is determined
by the antenna beam width and the pulse length. The product of these parameters is propor-
tional to the sampled volume of the glacier. A large volume increases the number of reflectors
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Fig. 1. Ice absorption in db[100 m as a function of frequency at two temperatures (- 1° and — 20° C) (a synthesis from Evans
(1965) and Buogorodskiy and Trepov (1968)).

illuminated and hence complicates the analysis of echoes. The minimum detectable spacing
between structural elements is represented by the range resolution. The range resolution is
related to the pulse length, Resolution and sampled volume are not independent parameters.
For temperate glaciers, most of which are situated in narrow valleys, a high degree of signal
attenuation in a normal direction to the main beam is required.

Recent work by Davis (unpublished) has shown that high-frequency systems with short
pulse length are more suitable for temperate glaciers. The ability to achieve improved spatial
resolution and lower sample volume at high frequencies compensates for slightly increased
signal losses.

HIGH-RESOLUTION RADIO ECHO-SOUNDING SYSTEM

The use of radio echo sounding in the polar regions prompted the development of equip-
ment for use on temperate glaciers, where the ice is near 0° C and a large number of discon-
tinuities such as crevasses and moulins exists. During the summer, melt water percolates
through the ice, resulting in extensive and complex structures within the glacier. Knowledge
of the features of this intrastructure will increase an understanding of intraglacial hydrology,
and water storage on glaciers.

Attenuation of the radar pulse by the ice at 0° C is tolerable below 1 GHz (Fig. 1), but a
recent calculation (Smith and Evans, 1972) predicts large scattering losses above 500 MHz
due to glacial inhomogeneities, such as bubbly ice layers and water-filled cavities. With the
present system, the scattering at high frequencies is not a hindrance, but rather yiclds addi-
tional data concerning glacial structure. For the high-resolution system, a frequency of
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620 MHz (UHF TV band) was chosen since components and engineering data are readily
available. The main design objectives were a short pulse length, high peak pulse power and a
capability of handling a large dynamic range of reflected signals. The radar was to be of solid
state construction to reduce power and weight and to increase reliability.

The total sounding system can be considered as three units: the radar set, the data-
handling system and the positioning system.

Radar set

The radar set is a conventional design consisting of three components: the transmitter,
the receiver and the antenna which includes a send-receive switch.

The transmitter (Fig. 2) is a grid-modulated cavity oscillator using a “light-house’ output
stage and a low-Q tank circuit to give a peak pulse power of 3 kW. An isolator prevents
transmitter self-destruction in the event of loss of load. The pulse modulator has a variable
pulse rate (1 pulse/s to 20 000 pulses/s) and three possible widths (70, 250 and 500 ns).

T0
TRANSMIT-RECEIVE
SWITCH

ISOLATOR
~04db

XMTR
620MHz 30KWPPP

PULSE MODULATOR T0
JLSE e
2 o WIDTH 70ns RECEIVER

EXTERNAL
SYNC PULSE

CALIBRATE
REP RATE PULSE GEN '
ps
EXTERNAL T
TRIGGER PULSE

CALIBRATE *

TRANSMITTER
Fig. 2. Block diagram of 620 MHz radar transmitter.

The receiver (Fig. 3) is a superheterodyne type with an input pre-amplifier that has a noise
level of 3 db above thermal, a dynamic range of godb and a gain of rodb. A 100 MHz
logarithmic IF amplifier with 30 MHz band width and go db dynamic range provide most
of the receiver gain (8odb). A conventional video detector and amplifier complete the
receiver.

The antenna is a corner reflector which was chosen in order to achieve good spatial resolu-
tion and small side lobes (Harris, 1961). The beam width is 5.2° and the gain is 15 db. These
excellent characteristics required a rather bulky antenna, consisting of a triangle 2 m on the
base and 2 m high (Fig. 4). A transmit-receive switch (Fig. 5) is preferable to the alternative of
two antennae. The receiver is protected by a set of fast-recovery diodes and the main isolation
is a ferrite circulator. Recovery times in the order of 100 ns are achieved, with 60 db isolation
between transmitter and receiver.
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Fig. 3. Block diagram of radar receiver,

Fig. 4. Photograph of corner-reflecting antenna mounted on an FN6o tracked vehicle.
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TRANSMIT — RECEIVE SWITCH

DIREC"I;IOEN:L. CIRCULATOR T0
UPL: t—] P
- -0.2db . -04db RECEIVER
CORNER
FROM
REFLECTOR
ANTENNAE el TRANSMITTER
GAIN 15.5db
BEAM WIDTH 5.2°
MONITOR
OUTPUT

Fig. 5. Block diagram of transmil—receive switch.

A precision calibration circuit which generates two contiguous transmit pulses with 1 ps
spacing is an integral part of the radar system. Since both pulses use the same electronics,
all delays are compensated and the calibration is independent of transmitter and receiver
characteristics.

Typical video returns are shown in Figures 6 and 7. The intrastructure as shown in
Figure 6 is characteristic of a temperate glacier and Figure 7 shows a rcturn obtaired from
cold glacier.

B LT e —

Fig. 6. Time—amplitude spectrum from Athabasca Glacier. The complex glacier intrastructure is readily apparent.
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Fig. 7. Time—amplitude spectrum from Trapridge Glacier, Yukon Territory, showing a simple single return from the bottom.
Time pulses Py, P, and Py are easily identified peaks.

The radar set can be operated as a stand-alone unit (Goodman and others, 1975) in
situations where simple echoes are obtained or in conjunction with a computer data-handling
system where better control and analysis are required. The latter situation occurs, for
example, when accurate measurements are required or when the intrastructure of temperate
glaciers is to be investigated.

Data-handling system

The more intricate problem of studying glacial intrastructure requires a complex yet
flexible data-handling system. Since a large amount of data is to be collected, the output
should be in a form readily adaptable to computer processing. Most other workers record
their data on photographic film. Initial interpretation is achieved by a visual scan of the data
but subsequent statistical analysis and calculations require accurate digitizing of the photo-
graphic record. The limited dynamic range of the film restricts the allowable amplitude
excursions. Using digital recording techniques, a greatly increased recording resolution is
possible and the results are directly computer compatible. The photographic recording tech-
nique implicitly averages the data; however, either single or averaged records may be obtained
with digital techniques. Using the conventional z-axis modulation photographic system, it
is not possible to do accurate pulse-shape determination which adds information on the
nature of the reflecting horizons.

The digital recording system used for high-resolution studies is schematically illustrated
in Figure 8. The radar echo is digitized using a sampling technique and the resulting
histogram is stored in the computer. The computer controls the time delay between the
transmit pulse and the sampling of the data. The total time delay to be recorded is thus
divided into 1 024 time channels, only one of which is sampled per radar return. After 1 024
returns, the total histogram has been constructed. This process takes about 20 ms and the
time required to write on magnetic tape is about 1s. From time considerations, up to 50
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Fig. 9. Digitized video return. This is the same echo as in Figure 6.
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events could be averaged, but the computer work length limits averaging to 16 events per
record. The difference in the statistical error between an average of 50 events and 16 events
is less than a factor of two. A display reconstructed from the histogram allows the operator
to monitor the quality of the data. A typical example is shown in Figure 9. The data-handling
system records several other parameters including temperature, altitude, and transmitter
power.

Positioning system

The accurate measurement of glacial depth and intrastructure is of little value if the
location for the measurement is unknown. Since the high-resolution system was to be used in
either a land-based or airborne operation, a non-contacting method of positioning was re-
quired. A positioning accuracy of + 10 m is consistent with beam-width and depth-measure-
ment tolerances. Such positioning measurements require line-of-sight microwave systems since
the VLF and HF systems are terrain dependent. The positioning system operates in the
X-band (9.4 GHz) using a range-range mocde (Fig. 10) with two active beacons (transponders)
located at known geographic points. The digitized range data and altitude information are
interfaced with the computer and recorded on the magnetic tape along with the radar-
reflection histograms.

it g = = ==o SR T ===

Fig. 10. Positioning system. The ranges from the two transponders are measured electronically. These measurements combined
with the tracked-vehicle altimeter reading allow a calculation of position to an accuracy of + 10 m.

FiELD TRIALS

Preliminary tests on the system have been conducted on both Athabasca Glacier and
Wapta Icefield in the Canadian Rockies. The contour map of part of Wapta Icefield (Fig. 11)
was obtained from about 400 data points. The rectilinear features on the map are artifacts
introduced by the contour gridding techniques in regions of low data density. The four marked
points represent the location of bore holes, which were used to check the radio echo soundings.
Using the velocity of electro-magnetic waves in ice at 167 m/ps, the radar data and bore-hole
measurements agree within 4 10 m except for bore hole 3 where a solid object was encountered
during the drilling (Table IT).

4
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Fig. 11. Contour map of part of Wapta Icefield. The locations A through D are the calibration bore holes.

TasLe I1. ICE-DEPTH MEASUREMENTS—HOT-POINT BORE-HOLES METHOD VS RADIO
ECHO-SOUNDING METHOD

Depth
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Fig. r2. Prafile of a section of Athabasca Glacier.
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The stability and reproducibility of the system was checked on Athabasca Glacier by
taking three sets of data over the same course. The first pair, Figures 12 and 13, were taken
2 d apart to check short-term stability and the third (Fig. 14) was taken a month later as a
check of long-term reproducibility. The changes in the glacial intrastructure are evident by
comparing Figures 12 and 14. These changes in the intrastructure have been discussed in a

RADIO ECHO SOUNDING ON TEMPERATE GLACIERS
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separate paper (Goodman, 1973). The depth measurements obtained by radio echo soundings
agree with the seismic and bore-hole’ measurements of Savage and Paterson (1963) on
Athabasca Glacier to within 14 m.

FUTURE WORK

The intrastructure on temperate glaciers indicates the complexity of processes occurring
in these ice masses. Using bore-hole and core data in conjunction with radio echo sounding,
it is hoped to elucidate the cause and character of these structures. These structures are
probably related to water storage in glaciers, and the water motion through the ice. Radio
echo-sounding studies of semi-polar surging glaciers are also in progress.

APPLICATIONS

Progress towards the understanding of such phenomena as surging glaciers and jokulhlaups
may be assisted using contour maps of bedrock topography and accurate data on glacier
intrastructure. Such data will enable a study of water flow within a glacier, and the bedrock-
topography studies will be useful in the application of basal-sliding theories to particular
glaciers,

Remote sensing of ice depths has applications to the analysis of gravity surveys in glaciated
areas, to iceberg-scouring studies and potentially to permafrost investigations.
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