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Radio echo studies of glaciers - A summry
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There 1is a need for measurements of the thickness
of glaciers, ice sheets, eand dice shelves. Redio waves
propagating in naturally occurring ice masses are attenuated
by absorption in the conducting medium, by reflection from
discontinuities, and by scattering from inhomogeneities.
These scattering centres mmy be impurities, free water,
Or solid ice within less dense firn. A v.,h.f. radar
system has been designed specifically to produce continuous
profiles of ice thickness when used either on the surface
of a glacier, or in an aircraft flying over it. The
frequency dependence of the attenuation mechenisms influences
the choice of radio frequency used by the echo sounder,
Electronic  control and annotation circuits have been
developed for use in the echo sounder and its data recording
system, to  simplify field operation and avoid errors
caused by mistakes in mmual recording and annotation. The

author has tested the equipment on glaciers in Norway and

in the Anterctic, where extensive measurements of ice thickness




have been made both in Eastern Antarctica and in the Anterctic

Peninsula. Information about glacier temperature and structure,
end about the nature of the subglacial medis, is also obtained.
Measurements of ice thickness mmde from an aircraft, require
navigational data to be used to determine the location of
mea.surements, A digital computer has been used to analyse
the available aircraft flight parameters and other navigational
information, and to produce position coordinates which are
collated with thickness measurements. Consideration has been
given to the effect of random and systemmtic errors in the
measurements, on the information obtained. Methods of presenting
the measurements, vwhich are distributed along flight lines,
have been explored. An algorithm has been developed +to produce

contour maps of such measurements, with particular application

to computer methods.
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CHAPTER 1

Development of the radio echo sounding technigue

1.1 Introduction

Prerequisite to a complete understanding of the physics of
naturally occurring ice masses, is a knowledge of their dimensions.
The horizontal extent of glaciers and ice sheets can be determined
using conventional surveying techniques; the measurement of ice
depth or thickness is the subject of this dissertation.

The usual method of measuring the depth of glaciers has been
seismic reflection shooting (Robin 1956).  Other methods have
included the interpretation of gravity variations (Bull and Hardy
1956), electrical resistance between spaced electrodes (R8thlis- /
berger 1967), surface height of floating ice shelves (Robin 1958),
and use of the relationship between surface slope and ice thickness
for the large inland ice sheets (Nye 1952). Except for direct
measurement by drilling to bedrock (GOW‘QE*gl 1968), seismic
measurements are usually more relisble than other techniques and
a figure of ¥ 10 m accuracy is representative (Bentley 1964).

The gravity method gives good relative depths in areas where the
topography is favourasble and it has often been used to interpolate
between more widely speced selsmic soundings.

The suggestion that naturally occurring ice masses are

transparent to radio waves has come from several independent

sources. As early as 1927 radio methods were proposed for the
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measurement of glacier thickness by Stern (1930) but development
was limited by the available technology. When aircraft became
equipped with radio altimeters (terrain clearance redar) there
were reports of gross errors indicated over ice masses in polar
regions. These reports were investigated by Steenson (1951) who
suggested that development might lead to a technique for measuring
ice thickness. His suggestion was not pursued but subsequent
aircraft incidents led to experiments by Weite and Schmidt (1962)
using an aircraft radio altimeter (SCR 718) on the surface of a
glacier. Some measurements of thickness were obtained using
this instrument.

Independently of the altimeter experiments, Evans (1961)
investigated ionospheric sounder records cbtained at stations
situated on ice. These records showed an interference pattern
caused by power reflected fram the base of the ice mass.

Evans (1963) describes how this evidence for the transparency of

ice stimulated a design for a radio echo sounder specifically

intended to measure ice thickness.




1.2 Choice of freguency and mode

The radio altimeter experiments were conducted using a pulse

modulated transmission on a frequency of 440 MHz, while the

ionospheric sounder results were obtained using a frequency modulated

continuous wave transmission on frequencies below 30 MHz. In
designing an instrument specifically for the measurement of polaw
ice thickness, it should be remembered that unlike an aircraft
radio altimeter or a short range harbour radar, the transmitted
wave propagates through a medium which exhibits absorption,
scattering and refraction.

A pulse modulated system was choseniin preference to a
frequency modulated system because of the relative ease of
interpreting the received signal. A pulse modulated system is
simpler than a frequency modulated syséem which would require a
channel analyser to obtain the same type of display necessary when
there may be several echoes at different ranges. The desired
accuracy and resolution imposes a minimum limit on the width of
the frequency spectrum. In order to match the accuracy of the
seismic method, a range resolution of 10 m is required. The
velocity of v.h.f. radio waves in ice is 169 m M s~1 (Bvans 1965)

so that a pulse rise time of 120 n S, or a bandwidth of at least

4 MHz, is required to obtain the desired resolutiorn.

To avoid echoes from the ionosphere and confusion with long

distance communications there is no entirely safe lower limit of




frequency particularly if we remember that the region to be studied

includes the auroral zone. Radar echoes may be received at
frequencies up to several hundred megahertz from auroral ionization,
but with the power and beam width which we might use, these echoes
will be rare at frequencies sbove 30 MHz for most of the sunspot
cycle (see for example Tolstikov et _al 19686).

It is obvious that the mechanical problems of supporting the
aerial will become increasingly difficult at lower frequencies but
more importent, it is necessary to maintain the impedance bandwidth
to accommodate the pulse rise time, The lower limit of frequency is
similar to that obtained above. The aerial gain which can be
obtained at low frequencies is not likely greatly to exceed that
of an elementary dipole.

The effects of scattering are considered in detail in
chapter 3 but for the time being we will state that the effect of
scattering by bubbles or other inhomogeneities on the received echo
strength is small at frequencies below 1000 MHz.

Absorption in the conducting medium is one of the most important
considerations in the choice of carrier frequency. In chapter 3 we

consider the electrical properties of ice and snow, Figure 1.2.1

shows the abso rption per 100 m prath in polar ice as
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& function of frequency, with temperature as parameter. The data ar
derived from measurements by Westphal (1963 private communicatien)

at frequencies above 150 Mz, and from measurements by Paren (1970)
at 100 KHz. Both sets of measurements were made on samples of

deep ice from the Greenland ice sheet. It may be seen that absorptic
increases steeply at frequencies above 500 MHz and it should be

added that field measurements (Walford 1968, Weber ang Andrieux

1969) suggest that absorption rises from 100 MHz upwards. It is
unfortunate that accurate absolute field measurements of echo
strength at different frequencies have not been made. The Westphal
measurements used to construct figure 1.2.1 apply to only one ice

sample with no indication of the variations to be expected in nature.

In figure 1.2.2 we have included the effect of serial gain in the
strength of the received echo. The figure shows the signal to
noise ratio of an echo assuming a transmitter peak power of 500 W,
a receiver noise level of 0.1 PW and perfect reflection at a plane
icefbedrock interface. The aerial gain is assumed to be 1.6
below 100 MHz and the aperture is assumed to be a constant 1 m?
above 100 MHgz. The temperatures and thicknesses chosen indicate
some likely examples although the temperature in polar ice sheets
is not, of course, constant with depth.

There are no marked variations in the transmitter and receiver

prerformance which can be realized in the v.h. f. spectrum. A

carrier frequency of 35 MHz was chosen, with a 3 dB bandwidth of




I 7 MHz so that the lower limit approached the restrictions

mentioned earlier. The lowest frequency was chosen because of
the uncertainty in dielectric properties at higher frequencies and,
to a lesser extent, because of the slightly simpler engineering
involved in the r. f. circuitry.

Evans (1963) describes the development of the first version
of the instrument which was called the SPRT Mark 1 echo sounder.
This early version was used in the field by Walford (1964, 1967
and 1968). The important parsmeters are included in %able 1. 7.1,
More recently, an improved version called the SPRI Mark 2 using
more modern techniques, was described by Evans and Smith (1969).

In an attempt to produce a version which wes particularly suitable
for use on temperate glaciers, the Mark 3 versions have been similar
to the Mark 2 but with alternative carrier frequencies. The

Mark 4 version is the most recent, having similar r.f. circuits to
the Mark 2 but incorporating refined timing and control circuits,

which are described in chapter 2. In the remainder of this chapter

we consider the r. f. circuits of the Mark 2, 3 and 4 versions.
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Absorption per 100 m path in polar ice, as a

function of frequency, with temperature as parameter,
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1.3 Transmitter

In order to obtain the maximum practical peak power from the
trensmitter, a thermionic design was chosen for this unit. A
solid state version would probably heve a pesk power little more
than its maximum mean power but in the case of thermionic designs,
the peak power may be much greater than the mean. The mean power
is dictated by the pulse repetition freguency (p.r.f.) and the
pulse length. In order to resolve two echoes which are at similar
renges, the minimum pulse length which can be reproduced in the
available bandwidth is chosen. The interval between pulses must
be greater than that which corresponds to the range of the most
distant echo. It may be assumed that more that 5000 m of ice
will not be encountered, but allowance must be made for the possible
height of the instrument above the surface if it is used in an
aircraft. In section 1.6 we will see that it is desirable to use
the highest p.r.f. within the limits stated. Figure 1.3.1 shows
a schematic diagram of the transmitter circuit which is common to
the Mark 2, 3 and 4 versions of the echo sounder. The p. r. f. of
the Mark 2 and 3 versions was 64 I S, that of the Mark 4 version
is either 40 or 80 /u. S. The Mark 2 version had a pulse length of
240 nS at 35 MHz. The Mark 4 version is similar but a recent
modification to 60 MHz (to sigplify aerial problems) has coincided

with a reduction in the pulse length. The Mark 3 version has been

used on several frequencies higher than 35 MHz and usually




associated with a reduced pulse length,

The operation of the transmitter is as follows: The trigger
for the transmitter is derived from a blocking oscillator trang-
former which is d.c. coupled to the grid of the 3D21 modulator,
driving it from - 50 v to + 30 v (Ig = 30 mA) during the pulse.
The anode current of the #D21 rises to 1,5 4 in 300 nS through
2 150 M H inductor storing 4 L IZ = 0.2 mJ, which discharges on
the overshoot into the Screen grids of the QQVOQ/4OA tetrodes,

' raising them to +400 v. The tenk circuit has a loaded Q of 10
to permit the short rise time. The series tuned output coupling
loop has a Q of 2 in isolation, and for optimum coupling the
output power is greater than 500 W into 50 ohm. An increase in
the power supplied to the transmitter has raised the reak power

to about 1.5 kW in the Mark 4 version. Figure 1.3.2 shows an

oscillogram of the transmitted pulse.




41200y 10k SnF

—p—————Trigger
— e AAAANSN— } ' SO Camera I ? ¥
47 B l ' ;b;/
S Timing
) U S \Wl/ circuits
+300v : ' .I modulation j deflection
{ L. 2 ZES ——56pF (& > Range
: i l : VN ; ' = P ~ cdlibration
Ori ICk >
rive _ : - . :
N O ' || ‘ | < I T_. Recever
3021 QQV06/40 A =  Tcate
modulator R.F oscillator
g : Ficure 1,3,1

Schematic diagram of the Mark 2 radio echo sounder,




-
-
-

i

Figure 1,3.2

Oscilloéram showing the r,f, transmitted pulse
and the receiver output when the same signal is attenuated

through 155 dB and fed into the receiver aerial input;

one division on the horizontal scale represents 0.1/48.




1.4 Receiver

The receiver used in the Mark 2 version of the echo sounder
included four stages of r.f. amplification using transistor
type 2N918. Stagger tuning was used to achieve a 5 dB bandwidth
of 14 MHz and a midband gain of 93 dB. There is no frequency
conversion so that effective screening and filtering are necessary
for stability and also for accuracy since it must be ensured that

both the direct transmitter pulse and the received echo suffer the

same time delay in passing through the whole receiver. Figure 1. 3.2

shows an oscillogram of the receiver output for an input pulse
which is sbout 10 dB above the input noise level. The proximity
of the video and radio frequency bands requires particular attention
to be paid to filtering. With five tuned stages in the receiver,
the gain will fall at 60 dB per octave at frequencies far removed
from the pass band. The video gain is 35 dB and the output falls
at 18 dB per octave from 7 MHz upwards. It is clear that the
response between 10 and 20 MHz is only just acceptable.

The recovery of the receiver after a large overload was not
entirely satisfactory. In order to minimize the strength of very
large signals a transmit-receive switch (described in the next
section) is included in figure 1.3.1. This ensures that the input
signal to the receiver does not exceed 1.5 v in 50 ohm, The

receiver was suppressed during the transmitter pulse by removing

the power supply, but during experiments in the field (section 4,1)




it was found that the strength of the surface echo when operating

in an aircraft, was often sufficient to produce a significant

change in the biasing of some of the receiver stages. This had
the effect of reducing the receiver sensitivity and producing a
threshold below which received signals were not detected. This
unfortunate occurrence would have caused weak echoes to be lost

but instead, the receiver was suppressed during the surface echo

as well as during the transmitter pulse and the range of the surface
was measured separately with a microwave surface altimeter.
Subsequent versions of the equipment have used a different receiver
in which more attention was paid to the design of a stable operating
point. In the Mark 4 equipment, a non~linear filter was imposed

on the output of the receiver to reduce the dynemic range of the

signal. The filter consisted of a ladder of diodes comnected so
that the effective load resistance on the signal path increased

as the signal level increased. More recently, the receiver has
been modified to use integrated circuits in a logarithmic amplifier.
The output of this receiver had a dynamic range of 10 dB, which

is within that tolerated by the recording method, for input signals
in a 60 dB range. This means that constant adjustment is no longer

required to maintain the echo strength within the range of the

recording method.

10




1.5 Aerial and Transmit-Receive Switch

The need for a 10 MHz bandwidth on a carrier frequency of

55 MHz makes considerable demands on the aerial design. Walford
(1964) used quarter wavelength unipoles on a surface vehicle for
experiments with the Mark 1 version. A folded quarter wavelength
dipole can be made to have a wide impedance bandwidth by meking
the conductors thick. Unfortunately, any practical installation

requires the aerial to be near some conducting surface, especially

on an aircraft, Coupling to the image in the metal surface
invariably reduces the impedance bandwidth to less than that which
is required. Experiments using multiple conductors to increase
the 'electrical thickness' of the aerial were made by Evans and
Robin (1966) and Swithinbank (1968). More recently a terminated
dipole has been used to achieve the desired impedance bandwidth.
Bailey (1951) describes how the forward field strength is not
greatly reduced by dissipation in the terminating resistor because
the current distribution is almost constant along the wire. In
addition, the flaftest impedance characteristic is cbtained with
aerial lengths between a half and a full wavelength, so that the
gain is somewhat greater than that of a half wave dipole.

Figure 1.5.1 shows the aerial dimensions for a 35 MHz sounder.

The impedance is such that the v.s.w.r. is less than 2 between

30 and 40 MHz. In the diagram, the aerial is shown a quarter

Wwavelength below a reflecting surface. It has been found impossible

11
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to achieve this desirable dimension in some aircraft installations
(see chapter 4). The impedence bandwidth is not degraded by
proximity to a conducting surface but the aerial efficiency does
deteriorate as more power is dissipated in the termination.
None of the aerial systems which can be engineered at this low
frequency have a narrow beam width. This means that the range
measured, is that to the nearest normal reflecting surface. Since
the ice/bedrock inmterface is not in general horizontal, the range
which is measured is not the vertical depth. A subglacial profile
is therefore distorted, becoming the locus of a normal reflector
in any direction within the limit of the aerial beamwidth plus the
effect of refraction (see chapter 3). Harrison (1970) has described
how the original surface can be reconstructed from the record
obtained in one dimension - along the path of movement. It is
not possible to interpret non vertical echoes from either side of L
the track so that it is desirable to have a minimum beam width in
the rolling plane (of an aireraft). For this reason, the terminated
dipole is usually mounted perpendicular to the direction of movement, |
in spite of the undesirable drag this entails on an aircraft.
Chapter 4 describes actual measurements of the polar diagram of
this type of aerial.

Figure 1.5.2 shows the transmit-receive switch which uses

lumped-element quarter wavelength sections to isolate the receiver

from large signals. Silicon diodes (type 1N916) are used back—tom
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back to provide the necessary backlash. Large signals from the
transmitter are effectively cénnected to the aerial. In addition,
the large voltage in the centre of the circuit causes the diodes

to conduct and the short circuit thus caused produces an open

circuit at the ends of the quarter wave sections. Power is therefore
excluded from the receiver. When small signals return from the
aerial, the transmitter is isolated beceanse the diodes do not

conduct and the two sections of transmission line leading to the

receiver are unshorted. In this way the transmit-receive function

is achieved without external switching. The isolation is better

than 40 dB but is degraded if the aerial impedance is incorrect.

A lumped-element quarter wavelength section has also been used
to speed the decay of the transmitter pulse. A pair of diodes
shorting the remote end of a quarter wavelength transformer appear
as an open circuit during large signals (transmission) and a short
circuit when the voltage falls below that which mekes the diodes

conduct. In this way the exponential decay of the transmitted

pulse is truncated.
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1.6 Recording of data

For subsequent analysis it is necessary to record the data
collected, and the quantities involved make photographic recording
the most practical in spite of the need for processing facilities.
We will see that there is a further advantage in using a photo-
graphic medium.

The video signal from the receiver is used to brightness~
modulate an oscilloscope trace, as shown in figure 1. 3.1. A
camera records the appearance of the trace on a 35 mm film which
is moved continuously so that the echo delay is measured across
the film and time increases along it. The film therefore
represents a profile of the range of reflecting surfaces in the
field of view of the aerial. Echo delay may be measured from the
film record to an accuracy which is dictated by the cathode ray
tube spot size rather than the properties of the film or camera
lens. On the fastest sweep range, the spot size is comparsble to
the overall equivalent rise time, but on slower sweeps the spot
size limits the resolution to about 1 part in 200 of the total
sweep width. A limit is imposed on the possible excursions of

the video signal to prevent defocussing of the spot. The input

attenuators in the receiver are adjusted by the operator to maintain

the echo amplitude, which usually fluctuates with a Rayleigh probab-

ility distribution, within the dynemic range. The use of a

logarithmic receiver makes this adjustment much less critical.

14
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Without a logarithmic receiver, the absolute echo strength is
indicated by the input attenuator setting to an accuracy
determined by the dynamic range of the recording medium.

The use of photographic recording entails an increase in
effective receiver sensitivity by an integrating process. The
integrating action has been analysed as follows:

(i) Noise only, After a linear detector, in the presence of
noise alone, the probability of obtaining an instantaneous video

voltage r is (Lawson and Uhlenbeck 1950, p.61)

P = (27k) e ()

It is a property of this Gaussian distribution that the mean square

2 2 _— 5 -
voltage r® = k%, and the aritimetic mean voltage, or 'd.c. compenent'
. : . - Ly .
in electrical terms, is r = k ('¢?T32! 1t is on the basis of
this latter relation that the cutput noise power has been measured
in practice and, from the power gain in the linear region, the input
noise power has been derived.

(i1) Noise plus signal. In the presence of a coherent or
continuous~wave signal before detection, giving rise to an additional

d.c. component s after detection, the probability distribution of

the signal plus noise voltage is (Lawson and Uhlenbeck 1950, pi54)

Por = (5) ol ST o)




where IO is the Bessel function of zero order and imaginary
argument. The mean square voltage is i:E'z k? + s2 but there

is no simple relation for the d.c. component. However, the
properties of this distribution have been tabulated by Norton

et al (1955) and from their data figure 1.6.1 has been drawn showing
the probability that the instantaneous voltage will exceed any
specified level. It is used as follows: on the abscissa a

a threshold level is found which is Just sufficient for a single
pulse to cause a detectable exposure of the film (this depends on
the d.c. level of the cathode ray tube brightness control) and it
is supposed that 1000 sweeps are integrated at a single point before
the film advances by a distance equal to the spot diameter. Then,
for example, if the threshold is + 6 dB above the r.m.s. ncise
level, a noise signal alone will exceed this level on 0.02 of the
occasions, or 20 times per 1000 sweeps. Now consider the addition
of a signal of strength - 6 dB, referred to the noise, and it can
be seen that the threshold will be exceeded approximately 40 times
per 1000 sweeps. This difference between the two observations,

in the presence and the absence of the signal, could be established
with a very high degree of certainty if individual occurrences

were counted, but on the photographic film we consider a ratio of

2 : 1 in exposure to be the limit of distinction. Notice that

the result is hardly affected by the adjustment of the threshold

level, i.e. the brightness control, in the range 2 - 8 dB above

16




noise, and records of weak signals recorded in the laboratory have

confirmed that a signal of strength ~ 6 dB is just detectable

against the noise background.




Figure 1,6, 1

Probability P of a d,c. signal plus noise

exceeding a given threshold y in dB above r.m.s, noise

volts, with signalAto—noise;ratio as parameter; the

thick line refers to noise‘élone.




1.7 Parallel developments

In addition to the redio echo sounding instruments developed
at the Scott Polar Research Institute, there have been parallel
developments by other bodies. In order to compare these
instruments, figure 1.7.1 has been compiled to show the important
characteristics. I am indebted to S. Evans for the parameters
of the instruments not developed at SPRI. Each instrument is
identified by an abbreviation and its carrier frequency. For
each one, three important parameters are listed - range accuracy,
absorption index, and scattering index.

The range accuracy is derived from the bandwidth of the
instrument. The absorption index is a measure of the ability to
detect echoes which are very attenuated. It is obtained by
combining the system performance (ratio of transmitter power to
minimum detectable received power including the integrating action
of the recording system, if any) with the gain of the aerial sy tem
and the receiver aerial aperture. Note that for some aerials
which are not efficient, the beam width may be less than that
computed from the measured gain. The absorption index is expressed
in dB relative to the figure obtained for the Mark 4 (35 MHz)
version. The scattering index is the factor (& A%/ L),

(see chapter 3), expressed in dB relative to the figure for the

Merk 4 (35 MHz) version. We will see in chapter 3 that it is this

factor which is important for temperate glacier sounding where
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bottom echoes may be masked by scattered echoes from inhomogeneities
within the ice. To generalize, the absorption index is a measure
of the performance of the equipment on deep polar glaciers and the
scattering index is a measure of the performance of the equipment
on temperate glaciers. The sbbreviations are as follows:

SFRI Scott Polar Research Institute

USAEL US Army Electronics Laboratory

TUD Technical University of Dermark.

ANARE Australian National Antarctic Research Expeditions
DEMR Department of Energy, Mines and Resources, Canada
USSR Arctic and Antarctic Research Institute, USSR
HALS Consulting engineer, Oslo, Norway

ADCOLE Corporation - for US Army Cold Regions Research and

Bngineering Laboratory

The SPRI instruments have their respective 'Mark' designations.

The ebbreviation n.b. denotes a narrow band option of the particulsr
instrument. The instrument 'SPRI (projected)' is the amthor's
suggestion for a temperate glacier sounder using & low frequency

and having a low resolution. It is intended to overcome the

temperate glacier problems reported in section 4. 3.




Lquipment Frequency Accuracy Absorption Scatterings

(MHz) (m) index (dB) index (dB)
SPRI Mk 1 35 7 -27 -
SPRI Mk 2 35" 5 0 0
SPRI Mk 3 L80 2,5 -22 -33
SPRI Nk 3 150 2.5 -15 -17
SPRI Mk 3 60 3 -3 52
SPRI Mk 4 35 “ 5 0 0
v | { 5 +6 -5
SPRI Mk 4 60 < ;
| n.b, 50 +16 -12
SPRI (projected) 6 60 +19 +37
USAEL SCR718 A IVITe 20 -48 -4l
USAEL (196L4) 30 20 -3 +3
0D cod | B e +u
Ln. v 60 +30 -8
TUD 300 5 -3 -22
ANARE (1959) - 100 7 +6 -18
DEMR (1969) 623 [ ° 0 e
v\n.b, 7 -5 -42
USSR IM4 213 60 +16 ~35.
HALS 80 5 -46 ~12
HALS 205 5 ~47 -29
ADCOLE  450-600 . 0.15 ~ 7 -12

Comparison of radio echo sounders.,

Figure 1,7.1
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CHAPTER 2

Mark 4 radio echo sounder: timing circuits

2.1 General objectives

The design of the timing circuits used in the Mark 4 rsdio echo
sourder was the responsibility of the author. The principal
purpose of this module is to combtrol the sequence of events in the
echo sounder. In the Mark 2 version, the timing circuits functioned
solely to provide calibration pulses at 2 MS intervals and trans-
mitter trigger pulses at 64 MS intervals. These pulses were derived
from a 500 kHz oscillator using an integrated circuit divider chain.
A nunber of improvements were envisaged for the Mark 4 system and
the timing circuits were designed to play a more complicated part
in the functioning of the equipment.

A season using the Mark 2 sounder in the field had revealed
several shortcomings. These were mostly of a practical rather
than theoretical nature. The problem of receiver transient response
has already been discussed. In the field, the author was aware
that a great deal of time was spent on mamual annotation of the
radio echo film record and SFIM chart, so that they could be collated
with other data, mostly noted by hand, at a later date. During
actual flying operations most of the time was spent noting the
routine changes and adjustments which were made to the equipment.'

It was reasoned that if these mundane activities were automated,

more time would be available for meintaining optimum operation of




the equipment, and errors in manual recording could be eliminateqd,
Accordingly, automatic annotation is one of the functions of the
new timing circuits. This is achieved using a numeric character

generator which displays figures on the recorder and monitor

It was shown in chapter 1 that the film record performs an
integrating function, so that the receiver sensitivity is increased
by the large number of echoes recorded on one spot of the film,

For this, it is clearly desirable to have a maximum transmitter
pulse repetition frequency (p.r. f.) up to the limit imposed by the
transit time of the most distant echo. Fop this reason the 64/15
P-r.f. of the Mark 2 radio echo sounder is replaced by a choice of
40 or 80 /uS P-r.f. in the Mark 4 timing circuits, these times
correspond to maximum ranges of 6 000 and 12 000 metres in air,
respectively.

lost. Purthermore if the timing circuits were to generate numerice

characters on the Screens of the cathode ray tubes,

it would require
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access to both X and Y deflections as well as to the Z modulation

input. For these reasons, a linear sweep generator is included in
the new timing circuits, and those in the oscilloscopes are ignored,
being available as a stand-by in the event of a failure.

In the Mark 2 equipment, the oscilloscope sweep was triggered
by the same pulse as the transmitter, and therefore the transmitter
pulse was always close to the start of the sweep. If the sounder
was operated in an aircraft flying at a great height, the sweep
scale had to be compressed to include the surface ard bottom echoes,
although they might then occupy only a small part of the trace
length, This problem is overcome in the Mark 4 version by
triggering the sweep generator at a selectable and well defined
time after the transmitter pulse.

The camera used in the Mark 2 equipment had a stepping motor
which required a particular type of square waveform to operate
it. This had been provided by an astable oscillator in the camers.
In the Mark 4 version the pulses are provided by the timing module,
from a more stable source at frequencies which are selectable on the
instrument front panel. It is also desirable to be able to advance
the camera by means of pulses from an odometer wheel which might
be towed if the echo sounder was used on a sledge, so that distance

along the film record is proportional to distance moved. An

interface to allow this, is included in the Mark 4 timing circuits.

The clock function, (calibration once per mimite for example)
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which was provided externally in the Mark 2 system, is included in
the Mark 4 timing module. This simplifies the annotation circuits
by avoiding the need for an interface with a proprietary digital
clock.

The sequence of events which was chosen for the Mark 4 system
is as follows: at the beginning of each minute the calibration
marks (calpips) are displayed for 0.5 seconds; then the numeric
information is displayed for 0.5 seconds; for the remaining 59
seconds the transmitter is triggered at the chosen rate and the
received signal is displayed.

An experimental one-range 'Radio Echo Navigational Aid' (RENA)
was devised which would provide primitive navigational information

with only slight modification of the equipment.

The following numeric information is displayed on the
oscilloscopes as ten decimal digits: the time in hours and minutes
(1, 2, 3, 4); the attenmator setting in aB (5, 6); one digit
describing the transmitter advance and calpip frequency (7); and
three digits showing the RENA value (8, 9, 10). As an alternative
to the RENA function, a dummy card is provided which can be coded
to provide any three digits in the RENA position, and after the
failure of the RENA experiment this was used to provide a date
code on the film record. It is not necessary to annotate the film

with the current setting of the transmitter p.r.f. since this does

not materially sffect the analysis of the radio echo record, but




merely improves its quality in certain circumstances. Since the

annotation only occurs once in each minute, on the minute, indication
of time in seconds is redundant.

The entire Mark 4 equipment was constructed in a proprietary
(Vero Electronics Ltd. ) modular rack system consisting of four 4"
modules. Figure 2.1.1 shows the whole equipment and figure 2.1.2
shows the timing module detached from the frame. An abbreviated
block diagram of the timing circuits is shown in figure 2.1.3.

This will be referred to later. Texas Instruments Ltd. integrated

circuits were chosen to be the basic circuit elements since they

were readily available and the author was already familiar with their
applications. The specification of the integrated circuits used,
only guarantees operation down to 0°C but the circuit generates
enough heat of its own, to maintain this internal temperature in
any workable environment.

The components were assembled on to plug-in circuit cards
which were accommodated in the module. This form of assembly was
chosen for ease of construction and versatility.  For example,

alternative transmitter and receiver modules can be used with the

same power supply and timing modules.
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Figure 2,1.1

The front panel of the Mark 4 radio echo sounder, |

From left to right : the transmitter ; the power supply ;

s

the timing module ; the receiver,




Pigure 2,1,2
Showing the timing module removed from the

equipment rack, All components are mounted on circuit

cards which plug into the module, Connections to other

modules are made through the plug on the end rlate,
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The block diagram of the timing circuits

showing the crystal oscillator and divider chain

which control the sequencingjand annotation circuits,




2.2 Basic timing pulses

It may be seen from figure 2.1.3 that the fundamental source
of all the pulses in the timing module ig a 1 MHz quartz crystal
oscillator. A Schematic diagram of this circuit appears in
figure 2.2.1. It is an emitter coupled oscillator using a series

mode crystal, operating at its fundamental frequency. The crystal

oscillator is made deliberately small to avoid escillation at over-
tones and maintain stability. There is no temperature stabilization
because the long temm stability of about 1 part in 10° jig adequate
for our Purposes and an oven would be inconveniently bulky and
wasteful of power. The oscillator is followed by an amplifier

and buffer (not shown) which Produce a 5 volt Square wave having
levels and rise times compatible with the tra.nsistozbtransistor
logic (TTL). This square wave with a period of 1 /u.s is the basis
of all other waveforms, As far as Possible, other rate determining
circuits are avoideq and replaced by counters driven from this
master pulse train, This approach avoids the need for

camplicated setting-up procedures which might not be possible in g
field situation due to the lack of test gear, ang also prevents

troublesome temperature effects which might otherwise occur.

1 ,uS waveform and generates several waveforms ending with one having

& period of 24 hours. Four types of circuit 'block' are shown and
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these must be described before the nature of the various waveforms
can be understood.

The simplest circuit blocks are those lsbelled 2. . As the
name suggests these are bistable circuits which divide by 2.

The output waveform has a mark-space ratio of unity, a change of ‘
state occurring on every negative edge of the input or clock waveform.

By convention on figure 2.2.2 the input to each circuit 'block' is

on the left hand side of the square, the output(s) come fram the

lower side, and reset inputs enter on the top.

The circuit blocks labelled 5’ divide by 5 and therefore have
two ocutputs to specify the three states. Often only the most
significent output is used since this has one negative edge for
every three input negative edges. This function is achieved using
two J-K flip flops interconnected as shown in figure 2.2, 3. A
change of state of the output occurs on each negative edge of the
input or clock weveforwm {(£). The truth teble of the combination
shows how the count progresses. The arreangement escapes from
Ql = Q2 = 1, which should not normally occur, but might be the
situation found when the power is turned on.

Blocks labelled '5° and 110' represent standard binary coded
decimal (BCD) counters. Division by 5 is obtained by omitting the

least significant binary count in the BCD series. The truth

tables are as follows:




Count of 5 Count of 10 (BCD)

(BCD without least
significant bit.) % Q, Q‘b Q

Qd QC Qb

0 0 0 0

0 0 0 1

0 00 0 0 1 0
0 0 1 0 0 1 1
0 1 0 0 1 0 0
0 1 1 0 1 0 1
1 0 0 01 1 0
0 0 0 0 1 1 1
ete. 1000

1 0 0 1

0 0 0 0

]
ct
Q
L]

It should be noticed that only the Qg waveform has a unity mark-
space ratio and we will refer to 'a', 'b', tc! and 'q! type waveforms
having mark-space ratios as defined in the above table. Notice
that the 'd' type waveform is the most significant, it has only

one negative edge for 10 (or 5 in the case of division~by-5) negative
edges of the input waveform. On the block diagram in figure 2.2, 2
the outputs are shown with increasing significance from left to
right. The clock pulse for the next block always coming from the
most significant or 'd' type waveform.

Starting from the 1 M5 square wave output from the oscillator
buffer there is first a division by 5. The 1 /uS and the 5,4 S
reriod pulses are used to generate calibration marks or ‘calpips’.
Notice that the 5 I“S waveform is a 'd' type. This is then divided

by a factor of 2, four times. The outputs of these four bistables

all have unity mark-space ratio with periods of 10, 20, 40, and




80 M 3, They are used to decode the transmitter trigger and sweep
gate.

The SMS waveform is also divided by 5, four successive times.
At the end of these, the period of the resulting 'd' type waveform
has a period of 5 x 5% or 3125M5. This is more conveniently
expressed as 320 Hz. The 'b', 'e', and 'd' type waveforms having
a period of 125lu.S are used in the character pattern generation
as we will see later.

The 320 Hz waveform is divided by 2° and each octave in
frequency may be selected on the front panel to drive the cemera
circuitry.© In this way camera speeds are available over a wide
range and are adjustable by factors of two.

The 10 Hz pulse train which results from this last division
feeds a divide-by-5 circuit. The 'b', 'c', and 'd' waveforms
together with the output from the preceding divide-by-2 circuit
(an 'a' type) constitute a BCD count having a period of 0.5 secaonds.
This count is decoded to gate the ten successive characters during
the half second of numeric display.

The 'd' output is divided once more by 2 to give a 1 second
period square wave. This is used to feed the drive circuits for
an electromechanical clock escapement (Patek Philip Ltd.).  The
clock is used by the navigator, when airborne sounding, to time

his observations.

The 1 second waveform is then divided by 10, by 3, and by 2

28
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to give a square wave with period of 1 mimute. The 1 mimate pulses
are used to initiate the display sequence at the start of each
minute, a pulse at 30 seconds also being availaeble should more
frequent annotation and calibration be desired.

The 1 minute waveform is divided by 10, by 2, and by 3 to
give a period of 1 hour. The outputs from these are decoded to

give the time in minutes as two BCD 'words!'. It is necessary to

divide by 2 and then by 3 in order to obtain the correct BCD format
using the three outputs as 'a', 'b', and 'c'. A '@’ type is not
required for the tens-of-mimutes since this figure is never more
than 5 (in decimal).

The 1 hour waveform is then divided by 10, by 2, and by 2 in
such a way as to reset to zero when 24 is reached. The 'c!' bit
from the BCD counter resets the most significent flip-flop in the
tens-of-hours, and also resets itself when the most significant bit
in the tens-of-hours is a '1'. These outputs are decoded to give

the time in hours as two BCD words.

The setting up procedure for this divider, which has to

synchronize with the electromechanical clock and with Greenwich
Mean Time (by convention), caused some difficulty. Eventually
the problem was solved by inserting a switch in the divider chain
at the point where normally a 625},&5 'd! type waveform would be,

and allowing a 625/uS 'b! type waveform, a 25IuS 'd' type wavefornm,

or the 1 IuS waveform to be used. This gives clock rates of




x1, x2, x25, and x625 which can be used to advance the clock;

24 hours being covered in Just over two mimutes. The electro-
mechanical clock is connected when the times shown by the divider
chain and the clock agree, and they are then advanced together to
the correct GMI. It is found that the electromechanical clock

can keep in step at x25 speed but not at x625 so it is convenient
if it shows a time a few mimutes earlier than the actual time before
setting up begins. The speed selecting switch is placed at the
625 /uS point in the divider chain to minimize the effect on the
divider time of contact bounce in the speed selector switch. If

placed at the 1 second point, ten rapid bounces as the speed selector

was returned to its normal position, would produce an erroneous

10 second jump in time. At the 625,4‘3 point 10 such bounces would
only change the time by 1/160 seconds, much less than the error in

setting up the time.

We will now consider how the echo sounding, calibration, and

annotation are ordered.
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The schematic diagrém of the emitter-coupled

quartz crystal oscillator which is the time reference

and source of all pulses in the timing circuits,
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Showing division by 3 using a pair of J-K flip-
flops., The truth table fopr a J-K flip~-flop shows the
state of output Q after & negative clock edge for all
combinations of J and K, The ?ruth table of ;the com-

bination shows the count of 3 with Q2 the most significant
bit. The circuit escapes from Q1 = Q2 = 1
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2.3 Sequencing of events

As we saw in the first section the chosen operating sequence
is: 0.5 seconds calibration; 0.5 seconds annotation; and 59
seconds sounding, On figure 2.1.3 the 1 minute waveform, which
has unity mark-space ratio, is shown as the clock input to a flip-
flop marked 'CAL!. This flip~flop may be called the 'calibrate
latch'. At the instant the minute waveform goes from a '1' to a
'0' this latch is 'set'.  This corresponds to the start of a
minute. The ¢ output of the calibrate latch feeds the 'calpip!’
generator and the RENA cirecuit. The latter will be described in
more detail later, The calpip generator is a gated monostable
which produces short pulses (=o.1 MS) every 1 M S, or every

5 M S if more widely spaced calpips are required. The input from

in the interests of clarity. The calpip generator is inhibiteqd
when the @ output of the calibrate latch is g '0', but after the
commencement of a minute the calibrate latch ig set, and calpips

are produced,

trensmitter so that as long as the calibrate latch is set, triggering
does not occur. The Q output of the calibrate latch is also the
clock input to a second flip-flop s marked ‘CHAR', which we will

call the 'character latch'.  Not shown on the block diagram is the

|
!
|



reset input to the calibrate latch. This is the 1 second waveform

which, it may be remembered, is a square wave having unity mark-
space ratio and a period of 1 second. Consequently it is a '0O!
for the first half second of each second, and a 'l' for the next.
At the start of each minute, the reset pulse is '0', and the latch
can be set. After 0.5 seconds the reset pulse becomes '1' and
the latch is reset, i.e. calibration ceases. As the calibrate
latch goes to a '0' it sets the ‘character latch'.

The character latch enables the input to the character
generator and consequently, during the period following the reset
of the calibrate latch, characters srrive at the mixing circuits.
In addition, the § output of this latch gates the transmitter
and sweep trigger. The character latch is reset by the 1 second
waveform (not shown on figure 2.1 -3), but it is inverted, so that
it is a '0' for the second half second of the minute, and rises to
a 'l' at the end of the first second. Thus: the character latch
is reset 0.5 seconds after it is set. Thereafter both of these
latches remain unset until the start of the next minute.

In the absence of either the calibrate or the character latch,
the transmitter trigger is enabled. This trigger is obtained by
an AND function operating on the 10, 20, 40, and 80/» S pulses

which are derived in the main divider chain. Figure 2.3.1 shows

these four waveforms and also shows the waveform obtained by

certain AND operations. It may be seen that the result of the




operation (10) & (20) & (40) & (80) is a 5 M S wide positive going
pulse. In order to achieve an advance of the transmitter trigger
relative to the sweep trigger, the transmitter is triggered by the
positive edge, while the sweep is triggered by the negative edge.
In this way, the transmitter pulse is triggered 5 M S before the
sweep. In fact, the sweep starts almost immediately it is
triggered, while the transmitter pulse can be delayed a few
microseconds after its trigger. This short delay is adjusted so
that the transmitter pulse has just decayed as the sweep starts.
There is a 'sweep latch' which is set by the trigger to start the
sweep and this enables the Tamp generator, so that the linear sweep
begins. The latch also enables the receiver, which therefore
comes on during the sweep. A voltage trip senses the linear ramp,
and when it reaches a voltage which corresponds to the end of the
oscilloscope screen, the sweep latch is reset and the receiver is
therefore muted. At this point flyback occurs. A switch on the
front panel allows the 80 M S input to the trigger decode to be
disconnected so that the function becomes (10) & (20) & (40).

On figure 2.3.1 this may be seen to be identical to the previous
case, but the p.r.f. is now 40 M3 instead of 80/.(. 3; we have
therefore a means of doubling the p.r.f.. In addition a front
ranel switch allows the 10/u S, or the 10 and the 20,.4. S, or the

10, 20 ang 40/0 S inputs to the trigger decode to be disconnected.

The function then becomes (20) & (40) & (80); (40) & (80); ang
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(80) respectively. It may be seen on figure 2.3.1 that this does
not affect the instant at which the sweep is triggered (the negative
edge), but it causes the transmitter pulse (the positive edge) to
occur 5/&-5, 15 M S, and 35 M S respectively before the usual
time. We have therefore devised a system whereby the p.r. f. may
be changed, and also the transmitter pulse may be advanced by a
'crystal-controlled' time interval. Field use of the equipment
has shown that a desirable modification to this part of the circuit
would allow an even lower triggering rate, say 150/u-S, for use in
high flying aircraft. In addition, a transmitter advance in equal
steps of 5/A S up to perhaps 4OIuS would be preferable to the
existing method.

The ramp generator is a bootstrap circuit, with an emitter
follower to avoid loading and consequent loss of linearity. A
linearity of better than 1% was the intention of the design, but
this may be degraded very slightly by the mixing circuitry which
is necessary to combine the linear sweep and the character
generating waveforms. The 'character latch' inhibits the
transmitter trigger, but does not inhibit the sweep, so that the
same linear sweep is operating while the 'calpips' are being
displayed.

A 'range-zero' button is also provided on the front panel,

to allow the precise instant of the transmitter pulse to be deduced.

This is achieved by inverting the sense of the trigger to the i




transmitter. The transmitter is then actuated by the same edge
as the sweep and, since there is a delay before the transmitter
pulse occurs, the transmitter pulse is always visible on the trace
in this condition. If the position of the transmitter pulse is
then noted, it is known that in the normal running mode it occurs

exactly 5/“ S before that (or 10, 20 or 40 4 S in the case of the

alternative transmitter advences).
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Showing the four waveforms from which the trang-
mitter trigger is decoded, Below, five possible combinations

of decoding are ghown to give a selection of transmitter

advances and an alternativevpulse repetition rate,
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2.4 Character generation

The object of the character generator is to produce rumeric
figures on the screens of the recording and monitoring oscillo-
scopes. It was decided to produce these figures using a matrix
of dots on the screen, which are seleétively intensified. It
was hoped to -use a Read-Only-Memory (R(M) which was about to became
commercially available, and which would provide the necessary bits
given the code value (in this case ASCII code) of the character.
This device would have allowed us to use a 5 x 8 matrix to rroduce
the figures, but unfortunately delivery of this product was delayed
and we were obliged to build a read-only-memory using diodes.

For simplicity the size of the matrix was reduced to 3 x 5 and the
designs for the figures are shown in figure 2.4.1. f
The first problem we will consider is the ordering of the

!
characters for decoding and display. As we have seen there are 5

ten decimal figures which are present as ten BCD words. The
time in hours and minutes, four BCD words, come from the main
divider cheain. The receiver attenuator settings, two BCD words,
come from encoding rotary switches which are fixed to the rear of
the attenuators. Unfortunately there are 12 positions on the
attemmators which are used, 0-11 dB and 0~110 dB. The encoding
must therefore contain some ambiguity. It was decided to make

11=10=9 dB in the case of the units of dB, since an error of 2 4B {

would not be serious and these values would normally be avoided, i




and in the case of the tens of dB, we made 110 = 10, and

100 = 0, since an ambiguity of 100 dB should be obvious fram the
éppearance of the radio echo record obtained. The single digit
(one BCD word) which describes the transmitter advance and the
calpip setting was wired to the control switches, so that the two
least-significant bits were controlled by the four possible settings
of the transmitter advance, and the next most significant bit was
connected to the 1 or 5 M S calpip switch. The digit is therefore

interpreted according to the following:

Calpips at:
1 pm8 5 M S
Transmitter triggered

0 & S5pmS
1 5 10mS )

) Dbefore the sweep
2 6 20ms )

)
3 7 4O0ms )

The three digits from the RENA function were available as three
parallel BCD words. The BCD count which is found in the main
divider chain (figure 2. 2.2) having a period of 0.5 seconds, is
decoded to give ten signals which are '1''s » sequentially for

0.05 seconds each. These ten signals are used to gate the ten

input words which represent the numbers to be displayed. These
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are then OR'd to give one parallel BCD word (the 'OR-word') which

has the value of each input for 0.05 seconds once every half secend.

We now have a single BCD word (the 'OR~word') which represents
all the BCD input words serially during the half second of
character display.

- Individuel characters sre formed using the count-of-5
aval lable from the main divider chain at a period of 125 M S
The most significant bit of this count is divided by a further
factor of three to give the horizontal movement of the dot matrix.
These bits are then used in a digital-analogue converter to
produce X and Y deflections. The waveforms are illustrated
in figure in 2. 4.2, the total scan taking 375 M S. In addition
the digital-analogue converter is fed with the BCD count of
period 0.5 seconds so that ten successive 5 x 5 matrices are
prainted, synchronously with the scanning of the ten input BCD
words The diode read-only-memory decodes each of the 15 matrix
points for each ome has a selection of pe sible decimal characters
for which that particular point must be intensified according to
figure 2.4.1. The decimal characters are cbtained by decoding
the BCD 'CR-word! which carries the information about each digit
sequentially.

The effect of this process is that during the 0.5 seconds

for which characters are displayed, each number is decoded for

0.05 seconds and a 3 x 5 matrix of dots intensified in the

— e




appropriate pattern. At the end of each 0.05 seconds the matrix

of dots is moved by the digital-analogue converter to an ad jacent
position and the next number in the series is decoded. In this
way all ten nunbers are painted. Rotice that each character

is scanned once every 575/“ S, that is to say 133 times during its
0.05 seconds of decoding. An alternative method of painting the
characters would be to scan the entire ten words in 5750/& S and
meintain this display for 0.5 seconds. This method was rejected

because the recorder film is continually moving and it was realised

that if all ten words were displayed for 0.5 seconds, the film
movement would probably blur the characters. The chosen method
ccompletely paints one character in 0.05 seconds and then proceeds
to the next, so that the amount of blurring is reduced by a factor
of ten.

The X, Y, and Z waveforms must be mixed with the outputs
from the calpip generator and the receiver. This is achieved by
an operation which might be called 'linear OR'. During non-
operating periods the unwanted signals are made to be st zero
potential while the wanted signal follows the desired positive
excursions. By using a circuit analogous to a diode OR gate, the
output can be made to follow whichever input has the highest potential.
There are two mixing circuits, although only one is shown on

figure 2.1.3; one is for the monitor oscilloscope, and one for

the recorder oscilloscope. They are separate because the received




signal must Z—modu_late the recorder, but Y-deflect the monitor,
and the characters must appear horizontally on the monitor (to
be read) and vertically on the recorder, so that they appear above
the radio echo record. Figure 2.4.3 shows the full picture during
one second of calibration and annotation on the monitor (ebove)
and recorder (below). By suitable adjustment of the levels in

the digital-analogue converter, a pleasing layout on the film

record can be achieved (figure 2.4.4).
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Figure 2 2

An oscillogram of the deflection waveforms

used to produce a 3 x 5 dot matrix on a cathode ray |

tube. The upper trace is the Y deflection, the '

lower trace igs the X deflection,
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Figure 2,4,3

Photographs of the monitor (above) and recorder l
(below) oscilloscope screens showing the positions of

the character annotation and the calibration marks,




Figure 2.4.4

Part of a radio echo record showing strong surface
and bottom echoes, The calibration marks are the four
dots in & vertical line which interupt the echoes., The
numeric annotation indicates the following : time, 2300;

attenuation, 05; transmitter code, 7; date code, 5 04,
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2.5 Output facilities

The film transport mechanism in the recording camera of the

Mark 4 echo sounder is driven by a Mullard AU 5058 stepping motor.

The waveforms required in the two sets of motor windings are shown ‘

in figure 2.5.1. This waveform is obtained by a 'gray-code' I
counter also shown in figure 2.5.1 (see figure 2.2.3 for details | '\
i

of each J-K flip flop). For each change of state of the waveforms, i

the motor shaft turns '710. With a reduction gear of 50:1 and a (i
film drive wheel having 12 sprockets, this means that 200 input

pulses to the gray-code counter, advance the 35 mm recording film |
by one sprocket. With such small increments the movement may be
considered to be continuous. The pulse repetition frequency of
the drive pulses is selected by means of a front panel switch from
the waveforms in the main divider chain (figure 2.2.2).
Frequencies from 5 to 320 Hz were used, in steps of one octave.
These frequencies correspond to film speeds of 1.6 to 96 sprockets
per minute (approximately 8 to 480 mm per minute). The highest
speed, 320 Hz, is the maximum speed at which the stepping motor

is reliable. Above this speed the inductance of the motor windings

reduces the mean current to a level which is too low for operation.
The output from the gray-code counter is at logic levels and a '
current driver is necessary to feed the motor windings. The J

driver circuits are able to operate two separate cameras in parallel.

The current drawn by a single camera from the 24 volt power line
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is 280 mA at 5 Hz and 100 mA at 320 Haz.

The electromechanical clock, which was used by the aircraft
navigator to time his observations, is driven from the 1 second
square waveform in the divider chain. A current driver, similar
to that for the camera stepping motor, provides the necessary
reversing current in the clock escapement winding.

A bicycle wheel with an odometer is often towed behind a
sledge during surface traverses, to allow the distence covered to
be estimated. Since the speed of travel is usually very variable,
the horizontal scale on a radio echo film record driven at a
constant speed would be difficult to interpret. A solution to
this problem is to use a 'Dynohub' bicycle wheel which gives an
AC output of a few volts, at a frequency proportional to the speed
of rotation. An amplifier is incorporated in the -timing module

which produces a logic-compatible square wave, from the AC output

of the 'Dynohub’. There are 10 pulses per rotation of the wheel,

and the circuit is sufficiently sensitive to operate at travelling
speeds down to 350 metres per hour. The pulses are used to drive
the camera circuits as an alternative to the pulses from the divider

chain. The scale of distance along the film is fixed by the

circumference of the wheel (=2m) so that 1 km on the ground
represents 125 mm on the film, f

Although the anthor's use of the Mark 4 radio echo sounder

has been restricted to light aircraft, it has also been used in :




C 130 Hercules. This aircraft was equipped with two radio echo
aerials, so that by changing their relative phases s the direction
of the main 1dbe of the beam could be altered. Figure 2,5, 2
shows how the 'b! ang et outputs of a BCD counter driven from the
1 second waveform were used to direct the beap to the left for

2 seconds, to the right for 2 seconds, and vertically downwards

for 6 Seconds, using relays in a phase shift network (not shown)

of a reflector to be deduced.
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Figure 2,5,1

a). The waveforms required in the two windings of

the camera stepping motor,

b)., Two J-K flip-flops wired to produce the waveform

required by the camera stepping motor,
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Truth table
() ¢ » (a)
0 0o X
0O 0 1 x:
O 1 0 x-
0O 1 1 x
1 0 0 x
0 0 0 =x
etec.
. Figure 2,5,2

Showing the use of a BCD counter to direct
the aerial to the left for two seconds, to the right
for two seconds, and vertically for six seconds, In

the truth table, the 'a' output counts 0, 1 (two

seconds) where an x is shown,




2.6 Radio echo navigational aid

The radio echo navigational aid (RENA) was devised by the
author to provide primitive navigational information for use when
airborne sounding. It was stimulated by the fact that at least
two complete radio echo sounders are usually taken on an expedition
as a safeguard against failure. RENA is an attempt to use the

spare equipment as a navigational beacon. The facility is intended

to provide a one~range measurement which would fix the aireraft's
position to an accuracy of 150 m, on a circle round the beacon.
Measurement of the transit time of radio wave to the beacon
and back to the aircraft, is made once rer minute. The timing
module in the equipment used as a beacon, is removed, and is
replaced with a single ‘transponder control' circuit. This
circuit monitors the output of the beacon receiver, is able to
mute the receiver, and is able to trigger the beacon transmitter.
The method of operation is as follows: A remp generator in the
transponder control circuit is reset whenever a pulse is received.
Normally this occurs every 40 or 80 M S, as the pulses are trans-
mitted by the airborne sounder. When the period of calibration
begins, the transmitted pulse ceases, so that the transponder ramp
is permitted to reach a threshold which corresponds to an elapsed
time of 100 Ju S since the last received transmitter pulse. At

this threshold a flip-flop is set. The flip~-flop mutes the

receiver, and initiates the beacon transmitter so that a pulse is
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sent in reply to the silence of the airborne installation.
100 m S after this reply (sufficient time for local echoes to
subside), the receiver is turned on again in preparation for the

next series of pulses from the airborne sounder. The circuit is

designed so that no further response will be initiated by the
beacon until a signal is received from the airborne equipment.
This prevents the beacon from replying continuously to the lack
of signals when the airborne equipment goes out of range.
Meanwhile, in the airborne sounder, when 100 M S has elapsed since
calibration begen (i.e., since transmission ceased), a counter

starts to count 1 M S pulses from the crystal. At the same time

the airborne receiver is returned to its on state. As soon as

a reply pulse is received, the counting is stopped and the receiver

is muted. At this stage, the number of microseconds counted is [
equal to the distance of the beacon in umits of 150 m. il
Figure 2.6.1 shows a block diagram of the circuitry in the airborne i
sounder which controls the counting. The flip-flop labelled A is

set by the negative edge of the minute waveform, that is at the

commencement of calibration. The Q output of this flip-flop

resets the three BCD counters to zero, and engbles a 'd!' waveform

having a period of 125 M S. This forms the clock input to the

flip-flop marked B. The 125 M S 'd' type waveform goes from a

'0' to a '1' after 100/0. S and consequently the output of the

inverting gate goes to zero 100 M S after calibration begins.




This sets the B flip-flop which then clears flip-flop A and brings
on the receiver and the 1 /u. S pulses are rermitted to enter the
counting network. The receiver is muted until 100 lu S have
elapsed since the last transmitter pulse. This delay ensures

that local echoes will not be interpreted as beacon replies.

When a reply pulse is received, flip~-flop B is reset and counting
stops. No further action is Possible until the next minute,

The whole process has occurred before the 0.5 seconds of calibration
has ended, so that when the character generator examines the outputs
of the three BCD counters, it displays the range of the beacon
which was measured s fraction of a second before. The counters
have a wrap~around ambiguity of 1000 units s0 that the range
measurement has an ambiguity of 150 km. This would normally be
easily resolved. The maximum range of operation depends on the
system performance » @nd upon the path between the airborne sounder
and the beacon. In free Space a system performance of 160 aB and

isotropic aerials would permit a maximum range of more than 10% km.

be line of sight. In addition the attenuators of the airborne

receiver will attenuate the received bulse from the beacon. This

is rather unsatisfactory but the alternative of using solenoid

operated attemuators which were set to O dB for the reriod of

measurement could not be implemented. One advantage of attenuation
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in the airborne receiver is that the reply pulse is lost by the
airborne receiver before the beacon loses the aircraft's signals,
so that spurious responses from the beacon should not cause
interference to normal sounding. RENA worked well in the
laboratory using a pulse generator to produce a delayed reply to
the 'minute' event, but when the author set up a beacon in the
field, using the spare radio echo sounder, no measurements of
distance were successfully made. The reason was later found to

be a fault in the transmitter design which caused it to transmit

a continuous low level signal if it was not triggered in the normal
way for more than about 100 f' 3. This meant that both the airborne ‘
receiver and the beacon receiver were alerted by local transmission,
and the correct transmissions.were ignored. An alternative circuit

I
card was carried which could be wired up to present any three BCD f‘
)
words to the character generator and after the failure of RENA, |
|

T ———

this was used to ammotate the film with a date code, the three

digits representing the month and the day-of=-the-month.




1min ] %,7

!
FPigure 2,6,1 bl

A block diagram of the RENA circuit in the airborne

|

radio echo sounder, Counting of the 1/;8 Pulses by the ;
three BCD counters,begins 1008 after the negative edge !
' |

[

of the minute waveform and 'ends when a reply is received,




48

CHAPTER 3 ‘

Factors affecting the strength of the received signal

3.1 General considerations and geometrical effects

We have already considered the transmitter power, Pt s the

receiver sensitivity, P , end the aerial gain, G , which can be
r

achieved. In our case the receiver aerial will either be the same

as the trensmitter aerial, or it will be an identical aerial, and

we may define its cross sectional area in reception as:

A - Sa

(1)

where. k is the wavelength in the medium containing the aerial.

We will characterize a medium of propagation by its conductivity a :
its permittivity 6 , and its permeability fl = The relative
permeability of all media which we will consider is unity and

therefore f.l = 4 T'(':LO"7 henries m~1. At some distance r from
a transmitting aerisl, a spherical wave will propagate with an

electric vector:

€ = €+ exp(jut-¥r)

(2)

where ) is the angular frequency, t is the time, X is the
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propagation constant, and U, is defined by the transmitter power

and aerial gain thus:

£ =[RS

27 R!('/?) (3)

where&(%) is the intrinsic conductance ; the intrinsic

impedance ") » of the medium of propagation being defined as:

|

_ M
1 (N e ®

The propagation constant x is usually written: x: ot +J(3

I
where:

f
ot = w/&ig I + 7= — | l

" |
(3 :w’-}f J|+;9‘:£; +'
(5) |

Note that the amplitude falls as exp (— ol r) » and therefore o<

is known as the attenuation constant; attenuation in the nmedium

being 8.68 o€ aB m-1,

The wavelength is defined by A = 27T//3 .




The mean power rer unit area in a wave having an electric

vector with magnitude E, is given by:

F- & R(%) .

4And the power received by our aerial of cross section A is;

?r = Agxe(’/.z) or, using equation (1)’Pr = %7‘_1- E K(ytz)
y (7)

If we now consider a medium having negligible conductivity,

€. g. air, then equation (2) becomes:

== L__G_-___‘ __'___ j @ t - } € 1_]
g’ \/ZWJ)E—/“.—‘ T CXF[J ( /@" ) (8)
and equation (7) becomes:

R & ¢l

(9)

Let us imagine a specular reflection from a surface at a distance R s
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in air, having an amplitude reflection coefficient of (3 . The

incident wave at the reflector has amplitude:

&
27| £ R
[z (10)

and the echo received at an aerial close to the transmitting aerial

has amplitude:

‘? ﬂ; G’

(11)
Using equation (8), the received power is:
2.
? = ?t ¢ 1
" 7R (12)

The echo will only be detected if this power is greater than the

receiver sensitivity.

If the reflecting surface is water then -e is approximately unity
and equation (12) allows the aerial gain of an airborne radio echo
sounder to be calculated from the ratio of transmitted power to

received power on reflection from a calm sea. The technigue may

also be applied to the measurement of the aerial polar diagram, by

banking the aircraft, Measurement in the pitching plane is not
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usually possible.

We will now consider the echo strength for a path of propagation
which is partly in air and partly in ice, as shown in figure 3.1.1.
The reflection from the surface of the ice is formally the same as
the reflection from a calm sea. However, the reflection from the i
bottom of the ice is, in addition, subject to refraction. For
the moment we will neglect absorption in the ic; and attenuation
by reflection at the air/ice interface. Since ice is optically
denser than air, the wave front diverges more slowly in ice than
in air, having been refracted at the air/ice interface. The effect
of this is the modification of the inverse square law. Instead
of (h + d) in figure 5.1.1, the apparent range of the bottom is
(h + d//? ). Note that the refractive index of the medium is
IE‘ » where € is the relative permittivity. Substituting this
figure into equation (12) the received power is increased by a

factor equal to:

|+

d

(ot)
h+j£-

If h is much greater than d this factor is unity, but if h

(13)

is small compered to d +then the factor tends to £ . Since

ice has a relative permittivity of about 3.2 this means that the

received echo is 5 aB stronger than it would be without the effect
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of refraction. Robin, Bvans and Bailey (1969 p 455) have derived
this result but make the comment that ray optics does not apply
to the situation where h is less than a wavelength. When the
aerial is embedded in the ice, it is the area of the aerial, rather
than the gain, that remains the same, so that in equation (12)
we replace G with 474/ lz from equation (1).  Then with the
range R equal to & (neglecting the proximity of the boundary)
and remembering that } is reduced by the factor /‘fg” s the
received power is agein 5 dB stronger than it would be without
the effect of permittivity. There is therefore no difference
between an aerial which is Just above the ice surface and one just
below it, provided that ray optics applies.

Having disposed of the geometrical effects of the spherical
wave front, we will now assume that the waves are plane for the

burpose of evaluating the reflection coefficients and attenuations,

A plane wave bropagates with electric vector:

€= € exp(jt - ¥

(14)




FPigure 3,1, 1

To illustrate the more gradual spreading of

the wavefront in ice due to'refraction at the air/ice

interface,
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3.2 Electromasnetic parameters and reflection coefficients

We have already asserted that the rermeability of all media
of interest is 4 710~7 henries ml. Tpe permittivity of air is
approximately &g = 10~9 /3 T¥  farad w1, The permittivity of
ice is almost constant over the frequency, temperature, and impurity
ranges of interest. The table in figure 3.2.1 gives values for
relative permittivity of ice according to Paren (1970). The j
conductivity varies with both temperature and impurity concentration. |
The conductivity of pure ice, that is having purity equal to, or !
higher than, distilled water in equilibrium with the atmosphere,
is shown on the lower curve of figure 3.2.2. All in situ
measurements of conductivity on temperate glaciers conform to this
behaviour within a few Percent, probably because the impurities
have been flushed out (Nye and Frank 1971). An accurate empirical

relation to absolute temperature according to Paren (1970) is:

g =4.610‘5e>go-§_1_-;) ohmt -1 il
rR\T T

where E = 55 kJ mol™lfor pure ice
R =8,4 J mo1-1 -1
To= 2753 k (15)

Most polar ice, on the other hand, conforms to the behaviour of
'solubility-limit' ice as described by Paren and Walker (1971).

The total impurity content in polar conditions is usually higher

than the equilibrium solubility for solid solution within the ice
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grain; the excess impurity lies in the triple junctions of the
grains and, because of the geometry, mekes a negligible contribution
to the bulk conductivity. Below -10°C equation (15) may still be
applied to obtain the conductivity of polar ice, but E = 25 kJ mol~1
at the solubility limit. Above -10°C both contributions to the
conductivity are of comparable magnitude and they reinforce one
another, reaching 6 107° ohm™! w1 at 0°C as shown in the upper
curve of figure 3.2.2. In some situations in polar regions near
to the melting point, temperate glacier behaviocur is found, probably
due to the flushing mechanism. Robin, Evens end Bailey (1969)
found attemmations of 4.5 dB per 100 m for ice in Greenland having
surface elevations below 1000 m, and the author measured attemuations
of 4.8 dB per 100 m on the Fuchs Ice Piedmont, Adelaide Island,
Antarctica. In addition to polar and temperate ice behaviour,
there is sea ice having much higher conductivity as a result of
inclusions of liquid brine. The problems of sea ice are not
considered in this dissertation.

The permittivity of liquid water near the freezing point does

not vary much with impurity concentration, but the conductivity
varies over many orders of magnitude. The table in figure 3.2.1
gives some representative figures for conductivity.

The electrical properties of mixtures of dielectric materials
are considered by Paren (1971) who has provided the following

relations:




Dry snow is a mixture of ice and air in proportions which may be
[
defined by the density ratio ‘Q = ‘?(snow)/ g (ice)
4 4
Then: Eé(snow) -1 = .?’ (fﬁ(ice) - 1)

(16)

and G (snow) = O’ice ’gl (0.68 + 0.32 —?I )

(17)

Sosked snow, in which all available air spaces are filled with
water, which is assumed to lie in randomly-oriented but inter-

connecting veins, has permittivity:

€ (soaked) = € (amy) + L £ (water) (19" )
(18)
and conductivity:

o (soaked)

1}

O (@) + L 0 (water) (1 - Q' )
(19)

The values of O ang € in figure 3.2.1 are virtually constantec
between 1 MHz and 500 MHz.

The dielectric properties of rocks have been studied by
Parkhomenko (1967) for example. Unfortunately in many cases the

nature of subglacial rock is unknown. However the relative

permittivity of dry rock varies from about 2 for volcanic pumice
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and tuff to about 10 for some forms of basalt. Granite has an
intermediate value of between 5 and 8. The conductivity of minerals
varies from the 500 ohm™1 m™1 of native silver to the 10~15 chm 1 g1
of native sulphur. However the conductivity of most rock-forming
minerals is about 10~8 ohm~! m~1 when dry and sbout 10”3 ohm=1 m~1
(much more varieble) when wet. We are now in a position to
evaluate the intrinsic impedance of any of the materials which we
have discussed and, by using the mixture model of equations (18)

and (19), we cen evaluate the intrinsic impedance of mixtures of

the materials. It is the intrinsic impedances of two media which
determine the reflection and transmission coefficients of an electro-
magnetic wave crossing the interface between them. The reflection
coefficient for normal incidence of a wave on the boundary between

medium '1' and medium '2' is:

n,-1,
| Q:z - 'l,"':}., (20)

And the transmission coefficient is:

21,
| ,z:-z_ = 'L . 7 (21)

In general the intrinsic impedance of a medium as defined in




equation (4) is a complex quantity, and the coefficients expressed

above are therefore also complex, The amplitude reflection and

transmission coefficients are scalars, given by Ifl and "r‘
respectively, the phase change on reflection or transmission being

contained in the complex coefficient. The power reflection and

transmission coefficients are given by:

R=lel

(22)

and

T = Il RUVA,
K(l/,l' (23)

The reflection coefficient of bower does not include the impedances

of the media (except in ? ) because reflection occurs into the

same medium as the incident wave, The transmission coefficient

of power has to teke into account the impedance change in accordance

with equation (8). The sum of the power reflection and trensmission

coefficients is unity, i.e. energy is conserved at the interfzce.

We will now eveluate the reflection and transmission coefficients

for some of the interfaces which are commonly encountered in glaciers.
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We will teke five media &s representative: air ( &£ = 1);

snow of density 0.5 Mg m™® ( & = 2); dce ( € =3.2);

water ( & = 80) and rock ( & =6). We neglect the small

effect of the finite conductivities of these media. The power
reflection and transmission coefficients in dB are tabuleted in
figure 3.2.38. It may be seen that an echo from the bottom of a
glacier will be some 12 dB stronger if the glacier rests on water
than it would be if the glacier rested on rock. If the calculation
is performed for highly conducting sea water, then the power loss

on reflection at the ice/water interface would be even less.

We have already seen that certain volcanic rocks may have a
relative permittivity which is less than thet of ice, it is
therefore possible to conceive of an ice/rock interface having no
discontinuity in relative permittivity and from which almost no
power is reflected, but this situation must be very rare. The
effect on reflection coefficient due to roughness of an interface
might, in an extreme example, cause an additional loss of 10 dB
(Beckmenn and Spizzichino p 89). However in any example where
the reflection could be loosely described as specular and where
'normel incidence' is meaningful then the additional loss should
be much less than this figure. The net power reflected and
transmitted from an interface such as we have calculated only

applies to the simple case of a single incident wave and two infinite

media. The next section deals with a more complicated situation.




£ G ohm ! m~?
Ice at 0°C 3.24+40,03 .
(fig 3.2.2) |Paren (1970)
Ice at -40°C ) 3.20_—_&-0. 03
Water at 0°C
Pure 86 3,6 1078 Hasted (1961)
Distilled 86 1 10—& (in equilibrium
with atmosphere)
Temperate glacier melt| 86 2 10'“ Gorham (1958)
Polar ice melt 86 |2t08 10™* |Paren & Walker (1971)
Rain (Norway) 80 14030 1073
Egner & Eriksson (1955)
-do- typical 80 b 1072
: B -2 |Handbook, U.,S. Navy |
Brine, given salinit <80 9 8 10 u
in pa;ts per 1000 (s{ Oceanographic Office &
: _ | (1966) )
Sea water 77 2,9 Hasted (1961)

Figure 3,2,1

A table of conductivity and relative permittivity

of ice and various waters,
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Figure 3,2,2

-1

The conductivity of ice, G in onm™ ! mw™ ! as a

function of temperature, T in degrees Kelvin, The upper

curve (solubility-limit ice) usually applies to polar icé,-

and the lower curve (puréQice) usually applies to temperate

glacier ice,




Interface

Power loss on

Power loss on

reflection(dB) transmission(dB)
Air/snow 15.3 0.1
Air/ice 11,0 0.3
Air/water 1.9 L.4
Air/rock ) 7.3 0.9
Snow/ice 18,6 0.0
Ice/water ’3.5 2,5
Ice/rock 55.6' 0.1

Figure 3,2,3

Power reflection and transmission coefficients

in 4B, for various interfaces,
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3.3 Three layer problem

Consider two media of infinite extent separated by a plane
layer medium of uniform thickness t as shown in figure 3. 3.1.
We shall evaluate the power reflected by, and transmitted through,
the layer in terms of the three intrinsic impedances and the
propagation constant of the middle layer. The incident wave is
normal to the interface although in figure 3.3.1 it is shown at
a small angle in the interests of clarity. If the incident wave
has an amplitude of E » then the reflected wave is the sum of an

infinite number of multiply reflected waves as shown:

-2¥¢t

gﬁnz * E T"’-.V—z.s LITNG

+ -2L¥E  _2%E
gT”-{zs ?1' 23 Tzl e e

(24)

which is equal to

E {5{,1 + TP, e””(wb + D% )}

(25)

-2%t
where: ']): ﬂug'zs e




The reflection coefficient R is therefore given by:

-2.¥t
R = Q + 'tnfzs TZI e
2

Sy ’M’u e (26)

In a similar way the transmitted wave is the sum of an infinite

series of multiply reflected waves:

-t
€ v.1m, e
xE -2¥¢
E 5 Tae iy 'fz‘.\fa.a € Taz
+ - - . (27)

which is equal to:

~¥t
E ’t,z_ T1_3 e (, +:D +)z+">
(28)

~2¥¢t

where P = {1';?2 .

Hence the transmission coefficient T is given by:

~JE
Ta Tas €

T = =
1= {zsfzt e Sie

(29)
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As we saw in the last section, the amplitude reflection and
transmission coefficients are 'KI and I T‘ respectively and the

power reflection and transmission coefficients are

' R ' - and ITl * & (%2,,) respectively.
Re(*%,)

It should be noted that strictly these results only apply if media
1 and 3 are of infinite extent, and to a continuous incident wave.
In practice however, the results will apply if the incident pulse
length is long compared to the length of the intermediste layer
and short compared with the finite dimensions of the other media.
In the following sections the expressions have been evaluated by
a digital computer for a number of examples which are known to
occur or suspected in nature.

Saxton (1950) has derived reflection coefficients for plane
waves in air, incident on ice or snow lying above land or sea.
His analysis neglects the effect of conductivity, and he has used
incorrect values for the relative permittivity of ice and of snow.
In addition he has not evaluated transmission coefficients for the
three layer problem, and in general the sum of the power reflection

and trensmission coefficients is not unity. His results have not

been uged.
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As we saw in the last section, the amplitude reflection and
- - |Rl ana I T -
transmission coefficients are and | 1 respectively and the

power reflection and transmission coefficients are

l R ' Ny and I Tl * Re (%Zz) respectively.
R (%)

It should be noted that strictly these results only apply if media
1 and 3 are of infinite extent, and to a continuous incident wave.
In practice however, the results will apply if the incident pulse
length is long compared to the length of the intermediate layer
and short compared with the finite dimensions of the other media.
In the following sections the expressions have been evaluated by
a digital computer for a number of examples which are known to
occur or suspected in nature.

Saxton (1950) has derived reflection coefficients for plane
waves in air, incident on ice or snow lying above land or sea.
His analysis neglects the effect of conductivity, and he has used
incorrect values for the relative permittivity of ice and of snow.
In addition he has not evaluated transmission coefficients for the
three layer problem, and in general the sum of the power reflection

and transmission coefficients is not unity. His results have not

been used.
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Three media of prdpagation having two parallel

interfaces, showiﬁé the réeflected and transmitted waves

due to an 1nciden§:wave cloge to the normail,




3.4 Surface melt layer

Figure 3.4.1 shows the computed power transmission coefficient

for a 35 MHz wave bassing through a layer of water (0 =2 10™4 1
ohm~1 m=1) Lying between air and solid ice as & function of layer
thickness. For an infinitely thin layer the loss is not zero but
0.3 dB; +this is the loss due to reflection at an air/ice interface.

When the water layer is a quarter wavelength (in water) thick,

the loss is a maximum of about 11 4B, For depths up to several
metres the loss by absorption in the water is negligible, this is
evident from the almost constant maximum ang minimum values in ‘

the interference pattern. If, in equation (5), we make the assumption |
that O is much less than €€ , then the expression for o< |

becomes:

ol = O'"l_
2
(80)

This gives an attenuation in the medium of 4. 34 g n as 1

Using this figure we see that the attentation in ice f&"“
( 0 =5 120"% ohg~1 -1 3 N =210 ohm) is approximately the same
as in water ( 07=.2 107% opy~1 -1 5 N =42 ohm) both being

about 4 4B because, although the conductivity of water is higher,

the relative permittivity is also higher and hence the intrinsic J

1
impedance is lower. Within the limit of a few metres depth whilst ‘
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the @bsorption is small, the behaviour at other radio freguencies
may be read from figure 3.4.1 by scaling the horizontal axis. For
very thin layers a linear approximation may be fitted to the loss
on transmission through the layer, and we find that loss is
(2.4 £ t) dB; where f is the frequency in MHz and t is the
thickness in metres.
During the summer season, on George VI Sound in the Antarctic
Peninsula, there are mumerous melt pools on the surface of the ice.
They occur between latitudes 70°40'S and 71°50'S where the ice is
agbout 200 m thick and floating. The pools are typically 0.5 m
deep and are thought to be caused by a lowering of the albedo by
wind blown dust from the adjacent sedimentary rock exposures (private
communication from A.C. Wager). There is no evidence on radio
echo sounding records obtained in this area by the author and by
Swithinbank (1968) that melt pools cause the bottom echo to be ||
lost. This result is somewhat surprising at first but remembering
that in this situation the signal mey be 60 dB over the receiver
sensitivity, the loss of about 5 dB in each direction for a 0.5 m
pool (two-way loss 10 dB) would not be expected to eclipse the
bottom echo.

On the Roslin glacier in Greenland, J.L. Davis and Halliday
(private communication) observed a weakening of about 10 dB in the

strength of the bottom echo at 440 Muz during the daytime when a

film of water was visible on the glacier surface. Putting 2.4 £ t = 5 @B
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attenuation in each direction, a layer only 5 mm thick is reguired k
at this frequency. The maximum attenuation is still 11 4B but
several such layers could each contribute an average of 5 dB to

the total one-way loss. Since the water layer has such a high
relative permittivity we might consider the error iﬁ the measured

depth due to an unsuspected melt layer. The ratio of the velocities
in ice and water is m ~1/5. Thus the echo time delay

in 1 m water is equal to that in 5 m ice. Since such pools are

in general less than a metre deep this effect may be neglected.

Having established the rather surprising result that the attenuation
in the water is not very great, we will consider the possibility b
of the layer 'ringing' and hence extending the length of the echo

from the surface. Referring to figure 3.2.3 the loss on transmission
through an air/water interface is 4.4 dB and the loss on reflection

at a water/ice interface is 5.5 dB. Thus the first transit of

the pulse through the water and back to the receiver is attenuated

by 12.3 aB. Subsequent double reflections are attenuated by 1.9 4B
at the water/air interface and by 3.5 dB at the water/ice interface.
The total attenuation of an emerging ray due to these factors is
therefore (12.5 + 5.4 n) where n 1is the number of double reflections.
If we have a system performance of 160 dB, an aerial gain of 1.6,

and a frequency of 35 Mz, then in equation (12) the sensitivity

in hand is 95 dB if the height of the aircraft is 1000 m.




A value of n = 15 would reduce this to zero dB, so that a maximum

of fifteen double raflections might be detected. If the pool is
0.5 metres thick, the path length in water would be 15 metres H
corresponding to about 75 metres of ice. This might be detectable
but notice that we have ignbred the diverging of the pulse in the
water, and alsc the attenuation by ebsorption. In practice a
melt pool sufficiently parallel for this Phenomenon to occur would !
not be found. The only manifestation of this effect might be a

slight lengthening of the trailing edge of the surface echo. This

has not been conclusively observed in practice.




dB

0 05 0 15 m

Figure 3. 4.1

The attenuation iqde of a 35 MHz wave passing
through a layer of melt watér (g =2 1074 ohm™ ! @~ )
lying between aif and sblid ice, as a function of layer
thickness in metres., In practice such a 1ayer is

traversed twice and the total attenuation of the echo

is twice the ordinatevvalue.
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3.5 Brine percolation layver

Figure 3.5.1 shows the computed power transmission coefficient
for a 35 MH, wave passing through a highly conducting water layer.

In this case the principal attenuation is due to absorption rather

than reflection. Curve (a) refers to a layer of sea water

( 0 =2.9 ohw? o™1) 1ying within an almost solid ice medium
( ? = 0.8 Mg m™%), It may be seen that a layer O.1 m thick
would give an attenuation of 30 dB in each direction, and is a Il
function: of radio frequency. It is not very likely that such

a situation would be found in nature. In ice shelves it has often
been suggested that in some places sea water percolates horizontally
through porous layers at about sea level from rifts or from the ice
front (Dubrovin 1962, Heine 1968, Swithinbank 1970).  The phenomenon
has been observed in the McMurdo, Brunt and Lazarev ice shelves,

but may be inferred from radio echo records obtained by the author

on the Wordie and Larsen ice shelves and Wilkins Sound. In all

of these places reflecting surfaces occasionally appear near sea
level with the absence of a bottom echo. An example is shown

in figure 3.5.2. Curve (b) on figure 3.5.1 shows the attenuation
on passing through a layer of brine-soaked firn as a function of
layer thickness. The first and third media are firn of density

0.8 Mg m™9 and the layer is assumed to consist of the same firm

but with all air pockets filled with brine ( O = 2.9 ohm~* m'i)

according to equations (18) and (19).
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In this case the attenuation is less but it is still predominantly
absorption, and therefore insensitive to frequency. A layer 1 m
thick would cause 38 dB attenuation in each direction. A total

of 76 dB additional attenuation would invariably extinguish the

bottom echo.




Figure 3,5,1

(a) The attenuation in dB of a 35 MHz wave passing
through a layer of brine ( 0 = é.9 ohm™ ! m™1 ) 1ying
within a firn medium ( f = b.a Mg m=> ), as a functiozi
of layer thickness in metres, - i

(b) The upper curve shows the attenuation in the
same circumstances‘except‘tﬁat the layer consists of

brine-soaked firn instead of pure brine,

A




Figure 3,5,2

A section of a radio echo record obtained on

the Larsen Ice Shelf (lat, 68°S long. 60°W)., The range

' calibration marks are at 1pS intervals &nd on the
right of the photograph, echoes from the surface and
bottom of the ice ghow it to be 150 m thick. On the

lef't of the photograph there is a reflecting layer at
about 45 m below the ice surface and the bottom echo

is extinguished, Since the surface is flat, it is supposed
that brine hag percolated horizontally through the porous
upper layers from one of the nearby rifts which contain

sea water,




3.6 Rain soaking of firn

The conductivity of rain water is two or three orders of
magnitude lower than that of sea water. Since rain often falls
on temperate glaciers we will consider the effect of soaking part
of the permeable layers of a glacier with rain water. Figure 3.6.1
shows the attenuation of a 35 MHz wave passing through a rain-soaked
layer, as a function of layer thickness. A rain water conductivity
of 4 103 ohm™1 w1 has been used. This value typifies measurements
made in the vicinity of Norwegian glaciers (Egner and Eriksson 1955).
The upper curve assumes firn of density 0.8 Mg m™® and the lower
curve assumes firn of density 0.5 Mg w9, The attenuation is
greater in the less dense firn, there being more water present,
but even 50 m of sosking contribute only 16 dB to the attenuation
in each direction. In practice it is unlikely that low density
snow would be 50 m thick. The general trend of the curves is due
to absorption, while the cyelic structure is due to interference
by reflection. The latter is more marked in the low density
exemple because the discontinuity in permittivity is greater. At
other radio frequencies the horizontal scale of the periocdicities
would be changed but the asymptotic gradient would remain the same.
The attenuations which are calculated on figure 3.6.1 cannot explain
the difficulties encountered in echo sounding temperate glaciers.

One possibility is that rain soaking actually occurs in several quite

thin layers. This could be the case if the rain water settles
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on to annual layers or other horizons within the ice. In this
way five such layers each contributing 2 dB would cause a total
attenuation of 10 dB in each direction. The effect of a substantial
water content on the velocity of propagation must also be considered.

The worst case will be the low density example ( f = 0.5 Mg m~9)

since that has the greatest water content. Using equation (18)
the relative pemmittivity of the soaked firn is 15.2 which gives [
& velocity ratio of soaked firn to solid ice which is ,/5. 2/15. 2 |

or 1/2. 3. If 50 metres of firn were soaked in this wey it would

appear the same as 115 metres of ice, an error of 65 metres.

G. de Q. Robin has suggested that variations in bottom echo delay
time with season could provide informetion about the variation of
water content in the glacier.

It is perhaps more likely that rain-soaked layers settling "

on to annual strata in the firn would result in a series of |

firn/ice/firn bands within the glacier and it is this exemple which :

we will consider next.
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FPigure 3.6, 1

The attenuation of a 35 MHz wave passing through

firn having a layer of ‘rain. soaking (G [rain] = 4 10~

ohm™ ! m~1 ) as a function of layer thickness., The upper

trace (a) applies to firn of density 0,8 Mg w s, and the

lower trace (b) to firn of ‘density 0.5 Mg m 2

.




3.7 Solid ice lsyering within firn

Layers of ice within less dense firn have often been
observed, see for example Miller (1963 p 31). These are usually

interpreted as marking the occurrence of summer melting of the fim

and re-freezing as solid ice during the winter. Figure 3.7.1
shows the attenuation of a 35 MHz wave by one such layer as a

function of thickness. The two curves represent solid ice within
firn of density 0.5 Mg mw > and firn of density of 0.8 Mg m™>.
In the high density example, the discontinuity in impedance is so
slight that almost no interference due to reflection is visible.
Some interference is apparent in the low density example but both
tend to about 5 @B per 100 m for a thick layer. A layer of ice 1 m
thick ceuses an attenuation of sbout 0.3 aB in the low density firm,

so that 10 such layers would cause a total attenuation of about 6 dB.

This is an extreme example, but notice that the same effect would

be produced by layers only 100 mm thick at 550 MHz.
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Figure 3.7, 1

The attenuation in dB of a 35 MHz wave passing
through a layer of solid ice embedded in firn, as a
function of layer‘thicknésé. Curve (a) applies to firn
of density 0.8 lg mfj, gnq!curve (p) applies to firn

of density 0.5 Mg‘m_ﬁg




3.8 Scattering losses L.

We have so far only considered leminar irregularities in the ‘
ice. On the microscopic scale we have said nothing about the
dimensions of inhomogeneities in our models for the electrical
properties of snow, rain scsking, etc. It is clear, however, that
inhomogeneities of a finite size will scatter power out of the
forward wave. For simplicity of analysis consider spheres of one
medium, embedded in a uniform second medium. This will provide
an order of magnitude solution from which we may infer the effect
of changing the scale of the irregularities.

An isolated dielectric sphere of radius b and permittivity E. [ °

embedded in a medium of permittivity €, £, , with an incident wave

of amplitude g, becomes an electric dipole of moment:

3
- &
47vhb g5, (8 -5 ¢
Z, +2E&, N (31)
(Stratton 1941 p 572)
Substituting the power radiated by a dipole (Stratton 1941 p 437)

and the power flow in the incident wave P, using equation (6), we
i

find the scattered power PS from a single spherical inhomogeneity

to be:

1 I

6 2
P = %’.Wco‘*lo Ou..,f:,z,) g, ~&\ P

2| + 221 (52)
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If there are m similar spheres per cubic metre, then the

fraction of the power lost from the forward wave per metre path

through the medium is:

4 2
S = 808 m lDG _2_7f) '—Ez (£| - &3
3 ‘Ac Lfl + 122 (55)

The attemuation is: 109 1og1 0 (1=~ S ) dB per 100 m.

If S <1 this becomes: 434 S dB per 100 m.

We will now consider three possible inhomogeneities in snow
of density 0.5 Mg m™5, i
Suppose that the snow is an ice matrix containing spherical

air bubbles. Then E' =1 and £L= 3.2

Using the relation: 4/3 7% b n = 1 - 0.5/0.92

we find that m b‘j = 10"1. If the bubbles of air have a

characteristic radius of 1 mm then m b® = 10-10, Using

equation (33) we find that the attenuation is:

...q. i

1o _— |
5 - "\4 dB per 100 m }
° (34) |

This attenuation is clearly negligible for metric wavelengths.
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We now consider socaked snow having all availsble space
cccupied by spheres of water. In this case &3 = 3.2 and
EPE;. The velue of mb® is 10710 g5 before. The

attenuation is then:

10
> 4
1 dB per 100 m
o

(5)

Again this may be neglected for metric wavelengths, rising to
only 10 dB per 100 m for a free space wavelength of 0.15 m.

Finally we consider the effect of larger spheres of ice
embedded in the less dense snow. Such ice lenses are observed
although they usually have a somewhat flattened shape, being larger
horizontally than vertically. Figure 3.8.1 shows an example of

spheres 50 mm radius separated 250 mm between centres. Then

mb® =106 £ =52ana £ =2.0. The attenation in this

example is given by:

7oz
/1, dB per 100 m (36) ' 'l
|

For this dense system of irregularities, our assumption that

multiple scattering is unimportent may not apply. It does however

provide an upper limit since an increasingly dense arrangement of




ice lenses would soon tend to become more homogeneous. In practice

the lenses would probably extend further in the horizontal plane,

and would tend towards the three layer example.

)
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.Figurev3;8.1

To illustrate sphébical ice 'lenses' of radius

50 mm, spaced 250 mm between centres, in firn,
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3.9 Background signal due to scatter echoes

At frequencies below 500 MHz ( A, = 0.67 m ) none of the
mechanisms so far considered should normally reduce the strength
of the bottom echo to below the receiver sensitivity. There is
one further consideration; the signal to noise ratio of bottom
echo to scattered echo.

The product of the transmitter pulse duration and the velocity
of propagation in the medium defines a pulse length 1 metres.

At any instant scattered echoes are returning from a shell of
thickness l/z at range r . If the transmitter aerial has a ‘

gain & then the area being illuminated is 4 7Tr2/G and the

volume illuminated is 2 71'1 r2/G.  If there are m scattering [
spheres per cubic metre then at any instant power is received from

a number of spheres defined by:

a=n 278 2/ (37)

If we assume that each scattering centre has a backwards scattering

gain of 1.6 (being an elementary dipole), and the receiver aerial
2

has a cross sectional area of & X, /&7C  from equation (1) then

the power received from each dipole is:

2
'Pf_ = 1)5 ‘ 6 G )\o
(¢ )"
where P is defined by equation (32).




The total power received from the scattering shell is

therefore:

2

2 6 S
?.,..= .|_3_£‘- m,a Xoﬁ)&‘? g‘loizao> £, ~ &2 F,'

E+2E,

(28)

where P is the incident power on the shell and is given by:
i

=T & (59)

T r*

Substituting this in the above expression we find that the total

power received as a fraction of that transmitted is given by:

2
fr_zctpw"’&;@ £.(8.-¢,) ,m[,é
B 30T Ao E.+ 2 &, (40)

We must now compare the power received fram a plane reflector at
the same range, having a power reflection coefficient R. Using
equation (12), remembering thet ? is the amplitude reflection

coefficient, we have:

_ [&) jR

Pe i /} (41)

e




Both echoes are attenuated by absorption in the medium, but the
attenuation will be the same for both, so the signal to noise ratio

is independent of range and is given by:

- 4 2
P, (plane) _ € 1o ‘G" lo R E+2 &,
- ]
Pr (scattered) ,e mb & (i‘ - 27‘)

(42)

Notice that the expression has been divided into two parts; the
first contains all the factors that characterize the equipment

and which can, in principle, be changed; the second contains all

the factors which are characteristic of the glacier. Using the
parameters of the Mark 4 equipment: Xo =8.6m; G=22; and

,Q = 40 m; we find that the first factor is equal to -28 @B,
If we take a value of -20 dB for the power reflection coefficient
at the base of the glacier, then the example of rain-filled bubbles
in equation (35) makes the second factor 70 dB, and for the ice-
lens model of equation (36) it is 49 dB. In both cases the signal

is stronger than the noise, but this result depends strongly on

wavelength ( x4) and on bubble radius ( b6). An increase in the

system performance will not improve this situation, since the
scattered power will increase by the same factor as the wanted
signal. A change in frequency would normally be accompanied by

a change in the aerial gain and pulse length so that the wavelength
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dependence might not be quite as strong as suggested by quition (42),
in practice. For a constant physical size of aerial G }\¢ will
be approximately constant, and one might expect to change ,Q
proportionally with Xo : So that the practical wavelength
dependence is more likely to be j\ to the first power. It might

at first be thought that the scattered echo power would decrease

rapidly at ranges greater than the bottom, but figure 3.9.1 illustrates

why this is not necessarily the case. Figure 3.9.2 shows a radio
echo record obtained by the author on Adelaide Island, Antarctica,
using the 35 MHz Mark 4 equipment in an aircraft.  Although the

bottom echo is 40 dB above the receiver sensitivity it is lost in

the centre of the picture at a depth of 150 m. Summer melting
in this area might be expected to produce ice lenses of large
horizontal extent. Figure 3.9.3 shows a radio echo record obtained
by the author on the Jﬁstedalébreen, Norway, using a sledge-mounted
Mark 2 echo sounder. Here again the echo is 40 dB over noise,
but it is lost in the scattered echoes at about 150 m. Figure 3.9.4
shows a radio echo record cbtained on the Hardangerjékul, Norway ,
by S. Evans using a Mark 3 redio echo sourder on a frequency of
480 MHz. The echo disappears into scattered echoes at a depth
of about 100 m.

It is difficult to see how this obstruction to the sounding

of temperate glaciers might be overcome. The use of lower carrier

frequencies involves an unfortunate loss of resolution and causes
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problems with sky noise, ionospheric interference and indeed
frequency allocation. In addition aerial problems at long

wavelengths become more acute. Nevertheless in some cases this

might be the only way of cbtaining a useable signal to noise ratio.




Pigure 3,9,1

To illustrate the way in which scatter echoes

may be received from a 'shell' of radius greater than

the ice depth,




Pigure 3,9,.2
A radio echo record obtained on the FPuchs Ice
Piedmont, Adelaide Island, Antarctica using the Mark 4
sounder in an aircraft. The scatter echoes are probably
due to ice lenses within the firn., The bottom echo is
40 aB above the receiver noise level but is lost in the

scatter echoes at 150 m depth,




Figure 3.9,3

Radio echo record obtained on the Jgstedalsbreen,
Norway,

using a sledge mounted Mark 2 sounder, The

bottom echo is 4O 4B over noise but it is lost in the

scattered echoes at g depth of about 150 m

-
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_E_‘_igure 3, 9024-

Radio echo record obtained on the Hardangerjgkul,
Norway, by S.Evans using a 480 MHz sounder on the
surface., The bottom echo on the left is at a depth of

100 m and is lost in the scatter echoes to the right,




CHAPTER 4
Field work

4.1 Redio echo sounding of the Antarctic ice sheet, 1967

Applications of the principle of radio echo sounding as a
method of measuring ice thickness, are catalogued by Evans (19686).
References to more recent work mey be found in the symposium by
Evans et al (1969).

Following successful radio echo soundings during an oversnow
vehicle traverse in north-west Greenlsnd in 1964, reported by
Bailey, Evans and Rdbin (1964), end the first continuously recording
airborne soundings in Ellesmere Island in 1966, reported by Evans
and Robin (1966), the group at the Scott Polar Research Institute
were invited to co-operate with the United States National Science
Foundation and undertake sourding of the Antarctic ice sheet from
long range aircraft of the U.S. Navy Air Development Squadron Six.
This programme was carried out on a trial basis in Decenmber 1967
over a wide range of conditions of the Antarctic ice sheet. Prior
to this, the British Antarctic Survey, using an SPRI Mark 2 system,
carried out a successful survey in light aircraft around the
southern part of the Antarctic Peninsula in December 1966 to
February 1967 as reported by Swithinbank (1968) and referred to in
section 4.4.

The equipment wes installed in a Lockheed 0121~J Super

Constellation and preliminary trials were carried out in Chrigt-
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church, New Zealand with the help of my supervisor, S. Evans.

The field progremme was carried out by G. de Q. Robin, C.W.M.
Swithinbank, and the author, who was responsible for the equipment
in the field.

Iwo complete Mark 2 echo sounders were installed in the
airecraft together with two SFIM flight recorders (see chapter 5).
Figure 4.1.1 shows the console of equipment inside the aircraft.
The aerial system consisted of two 6 m folded terminated dipoles
which were suspended a quarter wavelength ( & 2 m) beneath the
horizontal stabilizer. A balanced feeder connected the aerial to
a balun and impedance matching unit inside the aircraft skin, and
a coaxial cable led from there to the radio echo console.

Figure 4.1.2 shows a view of the aerial system. This aerial
exhibited very good electrical characteristiecs. The impedance
bandwidth was such that the transmitted pulse was not visibly
distorted and ringing in the csbles did not occur, The absolute
gain of the aerial was measured by reflection from a calm sea when
flying at a known height. The polar diagram was evaluated by
flying at a variety of bank angles, This was only possible in
the rolling plane, pitching could not be maintained at large
enough angles. Pigure 4,1.3 shows the polar diagram measured in
the rolling plane when using both aerials in parallel for

transmission and reception. Also shown, normalized to the same

absolute gain, is the polar diagram of the single terminated dipole
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used in the Antarctic Peninsula on a different aireraft (see
section 4.4). The favourable electrical characteristics of this
aerial system were offset by the poor mechanical behaviour. In
order to achieve a narrow beam width in the rolling plane, to
facilitate deconvolution as described in chapter 1, the dipoles
were mounted transversely and, unfortunately, in the slip~stream
of the engines. The stresses on the aerial caused frequent

breakages. Fortunately, since there were two aerials, radio echo

sounding continued using only one when a bresk occurred. Nevertheless,
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much time was wasted in repairing the aerial system. The mechanical

properties of subsequent installations have been improved, but it
has not been possible %o repeat the electrical properties on other
aircraft, probably because the construction of the aircraft has
not permitted the dipoles to be mounted a quarter of a wavelength
below a plane reflector.

The problems of receiver saturation mentioned in chapter 1,
frequently made it necessary to suppress the receiver during the
reriod of the returning strong surface echo to avoid loss of
sensitivity to the bottom echo. The terrain clearance was then
found using a microwave radio altimeter. The signal from this

was recorded on the SFIM flight recorder and the data subsequently

collated with the radio echo data.




Pigure 4,1,1

The installation of two Mark 2 radio echo sounders

in the cabin of a Lockheed C121-J Super Constellation

aircraft,




Pigure 4,1,2

Two terminated dipoles mounted beneath the
horizontal stabilizer of the Super Constellation

aircraft,
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(a) The aerial pair on the C124-J ( G, = +4,5 dB)
(b) The single aerial on the DHC-6 ( G, = -8,5 aB)
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4.2 Results of the 1967 Antarctic season

The flying programme in December 1967 was intended primarily
to assess the performance of the system under a wide variety of
conditions in the Antarctic. The Super Constellation was not
equipped with skis and could only use the sea ice runway at McMurdo
Station (latitude 77051 S, longitude 166°40' E). It was not
possible to land at any other station, so that all flights began
and ended at McMurdo. The aircraft was fitted with an internal P
fuel tank which permitted flights to last more than 12 hours (more il

than 4000 km). The map in figure 4. 2.1 shows the flight lines

which total about 36,000 km.

Measurements of ice thickness were compared with previous
measurements using seismic techniques wherever possible. The i L{
errors in navigation maede precise comparison impossible. E H‘;,I

Measurements made over the Ross Ice Shelf agreed with those E |
of Crary et al (1962). Thickness increased rapidly from
approximately 200 m at the ice front to about 300 m at 10 km from
the ice front. Thereafter depths of 300 to 500 m were found over
much of the main area of the ice shelf. A contour map of ice
thickness, based on the radio echo measurements using Cole's

algorithm (see chapter 6), is shown in figure 4.2.2., It may be |

inferred from the contour map that Western Byrd Land contributes ‘

more ice to the shelf than the glaciers of the Transantarctic

Mountains. Towards the south eastern cornmer thickness increased |
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to a maximum of 1300 m.  Roosevelt Island (latitude 80° §
longitude 163° W) is an ice rise in the Ross Ice Shelf that rests
on rock which is below sea level. Ice thickness exceeded 800 m

in the centre of the island. In general, the ice between Roosevelt
Island and western Byrd Land was thicker than in the rest of the

ice shelf. There were no difficulties in obtaining strong bottom
echoes over most of the Ross Ice Shelf, the only exception being
near to the mouths of some of the glaciers through the Transant-
arctic Mountains. Collins and Swithinbank (1969) have described

b

in detail the rifts at the foot of the Beardmore Glacier where }

brine is able to well up and contaminate the ice. Contamination
by brine is the probable cause of the loss of bottom echo.

Radio echo measurements in western Byrd Land show ice which
has a high bottom reflection coefficient (suggesting water at the
base) and a smooth surface (suggesting that it is afloat). The
surface elevations found, are too high for the ice to be floating
on the sea, and Robin, Swithinbank and Smith (1969) have suggested
the existence of a pseudo ice shelf which is floating on water not
connected to the sea,

At Byrd Station (latitude 80°1' § 119939! W) measurements in
the vicinity of the station were between 2104 m and 2224 m which
should be compared to the depth of 2164 m found by drilling to

bedrock (Gow et al 1968).

At Vostok Station (latitude 78°27' g longitude 106°40!' E),
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8 selsmic depth of 3700 m (Kapitza 1960) compares with a radio

echo depth of between 3760 and 3810 m. At Sovetskaya, west of

Vostok, we measured 4200 m of ice (the greatest depth measured).

An earlier seismic measurement gave a value of 1830 m which may be

a misinterpretation of an intermediate echo. \
Radio echo records obtained by the author in 1967 frequently

show echoes from internal layering, particularly in areas of thick

ice. These usually follow the pattern of the bedrock suggesting

a laminar flow of the ice over its base, The reflections are

caused by some discontinuity of intrinsic impedance which may be

due to density variations or perhaps different crystal orientations.
Robin, Swithinbenk, and Smith (1969) have compared the observed
echo attenuation with the attenuation predicted from assumed i

equilibrium temperature gradients within the ice. The agreement

indicates that the assumed temperature gradients are approximately
correct and therefore the ice is in equilibrium. The paper also
interprets vertical lines which are sometimes seen amongst horizontal
layering as evidence of deep seated shearing. Harrison (1971)
has shown that vertical features in nature could not produce a
vertical line on the radio echo record but that focussing by gently
curved horizontal layers could produce the apparently vertical lines.
During the 1969~-70 season, while the author was working in the

Antarctic Peninsula, the cooperation between the Scott Polar Research

Institute and the U.S. National Science Foundation continued with
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radio echo sounding from a C 130 Hercules aircraft as reported by

Evans and Smith (1970). A total of 330 hours flying time was

devoted to this project and the results are presently under

investigation.
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Figure 4,2, 1

Flight lines of radio; echo sounding missions,1967.




Ross Sea

Figure 4,2,2 ‘

Ice thickness contoursAfor part of the Ross Ice
Shelf from measurements by the author in 1967. The
interpolation was made using Cole's algdrithm.(Ch.G)




88

4.3 Temperate glacier e:periments

The Mark 2 equipment described in chapter 1 was intended
primarily for use in polar regions. Temperate glaciers in other
regions are likely to have somewhat different properties from

glaciers in the Arctic and Antarctic. For this reason,

I.M. Randall and the author conducted some investigations on
temperate glaciers in Norway with a view to designing a modified
radio echo sounder (designated Mark 3) which would be specially
adapted to temperate glacier measurements.

In chapter 3 we considered some of the factors which affect

the strength of the received echo. During the period spent in

Norway, we were most aware of the problems of sbsorption at high
ice temperatures and interference from surface features. Using

a 35 MHz echo sounder it is difficult to produce a narrow beam
aerial which is easily portable, and we were aware that on glaciers
only a kilometre wide, there would be strong echoes from adjacent
rock exposures and other features.

Jostedalsbreen (latitude 61°30' N longitude 7° E) was chosen
for preliminary experiments in May 1968. The experiments were
conducted with the cooperation of G. Bstrem and the Norwegian Water
Resources and Electricity Board. The equipment was airlifted on
to the glacier and mounted on two small sledges. One sledge

carried the radio echo sounder and the transmitting aerial, and

the other sledge carried the receiving aerial. Both aerials were
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of the terminated folded dipolar type, as described in chapter 1.
The aerials were mounted in-line in an attempt to reduce the coupling
between them to a minimum. Figure 4. 3.1 shows the equipment

in position. A lead~acid accumulator provided power for the
equipment, and a 'Ski Doo'! motor toboggan was available to pull

the sledges. It is unfortunate that the sledges were too small

to allow an operator to watch the oscilloscope monitor while
travelling. When the equipment was stationary, echoes were visible
at plausible ranges but when the film record was processed and
studied, it could be seen that the echoes were in a random pattern,
and a continuous bottom echo could not be discerned. Figure 5.9.3
shows an example of the records obtained. A few echoes were
interpreted as coming from the bedrock, but nowhere were these
beyond doubt. At the time, the significance of scattered echoes

from within the body of the ice was not realized, and oblique

echoes from surface features were blamed for the failure to
distinguish bottom echoes. Echoes which were received from
bedrock were attenuated by an amount characteristic of ice at the
melting point, so that at the time ancther mechanism was not
sought to explain the problems.

After the somewhat inconclusive results obtained on the
surface of Jostedalsbreen, it was decided to attempt measurement

from the air, and a convenient glacier for this was Folgefonni

(latitude 60° N longitude 6°930' E). The echo sounder was mounted

4
A
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in a Cessna 185 aircraft, obtaining power from the aircraft supply.
The aerial was a terminated folded dipole as before, but only
one could be fitted, and this was used for transmission and
reception. It was rather close to the fuselage and wings, so
that the impedance match was probably poor. Since attenuation was
not the over-riding cause of failure on the surface, a & dB fixed
attenuator was included in the aerial cable to improve the impedance
match - to suppress ringing in the cables. This attenuator reduced
the system performance by 6 dB. Measurements of echo strength
over the sea indicated that the aerial gain was usable, but a precise
measurement could not be made because an accurate measure of height
was not available. The author obtained a large number of profiles
over the ice cap, but none show definitely a bottom echo clear of
random echoes. The geometry of the ice cap is such that obligue
echoes from nearby rock outcrops could be ignored, but nevertheless
random echoes prevented the bottom echo from being distinguished.
It is now clear from the calculations in chapter 3 that scattering
from inhomogeneities within the ice probably give rise to these
undesireble echoes, but at the time oblique echoes from a rough
surface were held to be the cause.

The Mark 3 equipment was built using & carrier frequency of
480 MHz but was otherwise similar to the Mark 2 version. The new

equipment was tested the following season on Hardangerjdkull,

Norway during the spring of 1969 by S. Evans (private communication).
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In spite of an aerial system which should not have given rise to
oblique echoes from the surface, the random echoes shown in figure
3. 9.4 were obtained. It was then thought that the frequency was
too high and absorption was becgming important, so that a change
was made to a carrier frequency of 144 MHz. Again, field work

by S. Evans in Norway failed to obteain more satisfactory results.
In retrospect, it is clear that the difficulties arose from
scattered echoes from within the ice and not from oblique surface
echoes. The calculations of chapter 3 force us to the conclusion
that temperate glaciers having the inhomogeneities which we postulate,
can only be successfully sounded by en equipment which illuminates
a minimum volume of the ice while retaining a low frequency. At
present, these conflicting requirements continue to thwart attempts
made by J.L. Davis (private communication) to measure glacier
thickness with a version of the Mark 3 equipment using a frequency
of 60 MHz and a directional aerial. A frequency as low as 6 MHz
with all its disadvantages may yet prove to be the only solution
to this problem. Included in the table in figure 1.7.1 is a radio
echo sounder which the author suggests should be more successful
in sounding temperate glaciers when scattering from inhomogeneities
is the reason for undetected bottom echoes. Using a low carrier
frequency ( 6 MHz ) and a bandwidth of 1 MHz, a pulse length of

1/& S may be obtained. If the aerial is no better than an elementary

dipole, the 'scattering index' defined in chapter 1 is very much
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improved compared to the Mark 3 echo sounders vhich have yet been
devised. Although the terrestrial noise levels in this frequency
band are very high, the noise will not be coherent with the trans-

mitted pulse and it should be Possible to integrate the received

signal for a time long enough to distinguish the bottom echo.
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Pigure U, 3,1

The Mark 2 radio echo sounder mounted on & light

sledge used by the author on the Jfstedalsbreen, Norway,




Earlier airborne sounding in the Antarctic Peninsula in 1966-67

using a Mark 2 radio echo sourder was described by Swithinbank
(1968).  The 1969-70 season was the first in which a Mark 4 radio
echo sounder was used and, in addition, the author used improved
navigational instrumentation as described in chapter 5.

There was no successful sounding from the surface during this
season because of adverse travelling conditions in George VI Sound
where it was hoped to conduct a local survey. The equipment was
installed in a DHC~6 Twin Otter aircraft (No 152) at Adelaide
Station (latitude 67946' S longitude 68054 W) during December 1969.
The equipment console occupied the space of one Passenger seat on
the right of the cabin in figure 4.4.1. On the left of the cabin
there was an auxiliary fuel teank used to increase the range of the
aircraft, The console consisted of the radio echo sounder together
with the recording and monitoring oscilloscopes and beneath the
console the SFIM flight recorder which was used to record flight
parameters for track plotting. The aerial system was a single
6 m long folded terminated dipole, centred on an impedance matching
unit fixed to the belly of the aircraft. The impedance matdhing
unit contained a network that allowed the aerial to be fed from
a 50 ohm coaxial cable, and also the terminating load resistor.

Nylon cord joined the ends of the dipole to the tips of two 1 m

steel aerial masts which were supplied by DeHavilland Aircraft of




Canada and which extended down from the wing tips as shown in

figure 4.4. 2. There was no discernable drop in aircraft performance

with this arraengement and the system was mechanically reliable.

The 3 dB beamwidth of the aerial was 30 degrees in the rolling
plane. The polar diagram is shown in figure 4. 1.3. Directivity
in the pitching plane was not measured. The gain of the aerial
measured by reflection from a calm sea surface was about -10 dB.
This rather low figure may be explained by the proximity of the
skis and airframe. A conducting surface conteins an antiphase
image which opposes radiation from an aerial which is less then a
quarter wavelength away; consequently more power is dissipated in
the terminating resistor at the expense of the radiated wave.
Breakages occurred when this type of aerial was used on a Lockheed
Super Constellation in 1967 as reported in section 4.1, but there
were no problems with the slower Twin Otter aircraft. Flectrical
power for the equipment (28 volts, 4 amps DC) was obtained from the
aircraft's 28 volt DC electrical system. The pitot and static
air pressure signals for the SFIM flight recorder were obtained from
the standard aircraft pitot tube by means of Tee-pieces supplied
by DeHavilland. The air temperature was measured by means of a
sensing element fitted by DeHavilland in the belly of the aircraft.
Directional information was provided by a gyro stabilized magnetic

compass giving a synchro output signal. The output was converted

to a signal suitable for the flight recorder by means of an SE
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Laboratories synchro-DC converter. The terrain clearance height

of the aircraft was obtained from the radio echo record. An
intercom system was installed to allow all three crew members
(pilot, glaciologist/navigator and radio echo operator) to converse

freely.

Flight lines were plamned in advence, but the absence of

weather data for places away from occupied stations usually
necessitated in~flight revision. The flight duration was generally
limited by factors such as the uncertainty of terminal weather or
of communications rather than by the endurance of the aircraft.
Depending upon loading and altitude, the maximum endurance was sbout
five hours. Most flights lasted between two and four hours,
representing a maximum range of about 900 km.

It was usual to fly at 1000 m sbove terrain, this altitude
being a good compromise between loss of surface echo when the
aircraft was low and loss of bottom echo due to confusion with
echoes from distant oblique surface features when the aircraft was
high. The surface echo was lost if the transient signals caused
by the transmitted pulse had not decayed to a sufficiently low level
by the time that the surface echo returned. The critical level

depended upon the receiver gain in use. When bottom echoes were

strong then the receiver gein would be reduced to make it insensitive ]

to the transient signals. This allowed the surface to be resolved

if the airecraft was flying at 500 m terrain clearance. In general




the lower terrain clearance was only required when the surface was

rough or badly crevassed and oblique echoes from the surface obscured
the bottom echo. When conditions were favourable, as they were
over smooth ice shelves, it was possible to fly at 2500 m in the
interests of fuel economy.

One of the duties of the glaciologist/navigator was to note,
whenever possible, the position of the aircraft on a map, using
visual recognition of features close to the track of the aircraft.
At the same time a mark was made on the flight recorder trace to
allow collation with flight parameters and the radic echo record.
Maps published by the Directorate of Overseas Surveys at scales of
1:200 000 and 1:500 000 were used. The accuracy of the available
sheets was very variable and in un-surveyed areas positions may
be in error by up to 15 km. The track obtained was therefore
correct only in relation to the available mapping. The mis~
closure of the dead reckoning track was due to a combination of
wind drift and errors in measurement of the flight parameters.

The absolute distance depended on the time between fixes, but
expressed as a rate of drift the misclosure was typically 5 m sec™1.
The magnitude of the error in the corrected track depended upon

the frequency of fixes, which in turn depended upon the abundance
of mapped surface features. In areas such as the centre of the

Antarctic Peninsula plateau and the centre of the Larsen Ice Shelf

which lack mapped surface features, the computed track may be in
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error by more than 10 km. In well mapped areas such as George VI
Sound, the computed track may be expected to be within 1 km of the
actual track as it would appear on the available mapping. The
photographic records produced by the radio echo sounder (35 mm £ilm)

and the flight recorder (60 mm paper) were processed at Adelaide

Station.
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Figure L. 4.1

The interior of the Twin Qtter aircraft, looking
towards the cockpit. On the right of the cabin is the

radio echo console, on the left an auxiliary fuel tank,




Figure 4.,4,.2

The exterior of the Twin QOtter aircraft, showing :
one of the 1 m serial support poles beneath the end of ‘
the wing, From the bottom of the pole, part of the aerial
may be seen leading to the impedance matching unit !

beneath the fuselage. |




4.5 Results of the 1969-70 Antarctic Peninsula season

Flights were made from both Adelaide Station and Possil Bluff
(latitude 71920' S longitude 68017! W). They extended over all
accessible areas between latitudes 66°S and 74°S and between
longitude 60°W and 75°W. Figure 4.5.1 shows flights made during
the work reported here together with those on which bottom echoes
were obtained by Swithinbank during the 1966-67 season. It can

be seen that tracks included the Larsen Ice Shelf, a large iceberg

in the Weddell Sea, the Wordie Ice Shelf (where some detail is
omitted in figure 4.5.1), Wilkins Sound, George VI Sound, the Puchs
Ice Piedmont, the mainland plateau region, and the ice covered
Biscoe Islands.

On figure 4.5.2 an iceé rise is mapped to the east of the Hollick-
Kenyon Peninsula in 68930' S 61°W. This is an ice covered island
which was sounded and appears similar to Hearst Island to the
south. Wilkins (1929, p. 374) reported seeing an ice covered island
somewhere in this area during one of his early flights, but he
was uncertain of his position at the time. Ronne (1948, p. 368)
flew over the area in good visibility in order to check Wilkins'
observation but he failed to see it and must have flown to the
south. He suggested that Wilkins was deceived by a low cloud
formation on the ice shelf but the radio echo profile of the ice

rise in figure 4.5.3 shows.' that Wilkins was correct.

Soundings were most successful on ice shelves. On the Larsen




Ice Shelf, soﬁndings were almost continuous except for a few
scattered areas where echoes were not obtained. These areas were
invariably in the vicinity of rifts in the ice shelf and usually
coincided with a reflecting layer at about sea level. An example
is shown in figure 3. 5. 2. This situation predominated south of
latitude 68030' S. Our considerations in section 3.5 suggest
that gquite thin layers of brine infiltration in the porous firn
layers at sea level, will explain these observations. In these
areas, only a very large increase in the attenuation index (system
performance) will yield bottom echoes.

The surface of the Wordie Ice Shelf was very disturbed.
Severe crevassing often prevented successful sounding because
oblique echoes from the surface obscured the bottom echo, but same

measurements were possible and thicknesses from 150 m to more than

400 m were in good agreement with those found by Swithinbank and
Petrie who studied this Ice Shelf in more detail. No normal
bottom echoes were obtained on the Wordie Ice Shelf west of
longitude 67°50' W either by the author or by Swithinbank. It
appears that this meridian divides the crevassed eastern part from
the rifted western part. The distinction between rifts and
crevasses is that rifts extend to the bottom of an ice shelf and
allow brine to well up and infiltrate the ice at sea level, thus

preventing sounding to the bottom, whereas crevasses do not.

On Wilkins Sound, bottom echoes were obtained in relatively
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few places. Elsewhere, a reflecting layer at sea level appeared
and no bottom echo was received. The apparent thickness changed
so abruptly from about 200 m to sbout 50 m without any detectable
change in surface elevation that, if the ice is in hydrostatic
equilibrium, the thickness change camnot be real and once again
it must be supposed that brine has infiltrated at sea level.

In spite. of extensive surface meltwater pools on George VI
Sound, no difficulty was encountered in measuring thicknesses over
the whole ice shelf up to a maximum of elmost 500 m near latitude 73°S
longitude 70CW. As we saw in section 3.4, melt water layers 0.5 m
deep contribute only 10 dB to the attenuation of the bottom echo
and this extra loss would not normally prevent detection of the
bottom echo on a floating ice shelf. Measurements of the received
echo strength indicated an attenuation of 3.8 dB per 100 m in
latitude 70°15' S longitude 68°30' W and 2.9 dB per 100 m in
latitude 73°W longitude 70°W. These measurements are characteristic
of an average ice temperature of sbout -5°C in the north and -100C

in the south (Robin, Evans and Bailey 1969, p. 476).

The relatively high mean annual temperature of the Fuchs Ice
Piedmont on Adelaide Island and the probable existence of ice
lenses, explain the difficulty in measuring ice thickness there.

The only reliable measurements obtained were within a few kilometres

of the southern end of the island in the vicinity of Adelaide

Station as shown in figure 3.9. 2. Here measurements up to 250 m




indicated that the bedrock inland from the station was close to sea

level for at least 5 km, The echo strengths obtained indicated an
attenmation of 4.8 dB per 100 m path in ice, corresponding to an
average ice temperature of about -2°C. The mean annual air

temperature at this point is about -6°C. The 10 m temperature
is likely to be higher than the mean annual temperature because of

some surface melting and the bottom of the ice is probably at the
melting point.

The Biscoe Islands can be expected to have similar properties
to the Fuchs Ice Piedmont, and a similar difficulty was experienced
in receiving bottom echoes. Nevertheless thicknesses up to 270 m
were recorded on the largest member of the group, Renaud Island.

Linton (1964) suggests that the subglacial topography of the
Antarctic Peninsula plateau is essentially the pre-glacial surface
having ‘'smooth aspect and modest relief! uplifted to about 1200
metres above sea level. Radio echo measurements indicate that
this figure of 1200 metres above sea level is typical for the
bedrock beneath the plateau. However, there appears to be sarewhat
more relief than ILinton expected as shown in figure 4.5.4. Either
the residual relief of the pene-plain from which the plateau was
derived was greater than the 300 - 300 m that Linton suggests, or
subsequent erosion has had more effect on the plateau region than

he supposed. The greatest reliable ice thickness measured was

1630 m in latitude 700S longitude 670W,
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The data obtained by the author together with the measurements
by Swithinbank in 1966-67, are to be published in full by Ewensmith

(1971). In addition, contours of ice thickness have been deduced

from the data for George VI Sound (figure 4.5.5), Wordie Ice Shelf
(figure 4.5.6) and Larsen Ice Shelf (figure 4.5.7). Contours
were obtained using the author's algorithm described in chapter 8.

Reference to the chart of the data points will indicate the

reliability of the contours.
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Flight lines of radio echo sounding missions

the Antarctic Peninsula, 1969-70, Also shown are

of the 1966-67 flight lines on which echoes were
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Figure U4,5,2

Sketch map showing the position of 'January' Ice

Rise, an ice rise of 200 km?.found by the author,
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Figure !

An east-west cross sectional profile of the 'January'
ice rise (12t.68°30'S, long.61°W). The surface elevation

rises to about 270 m above sea level and the maximum ice !

thickness is about 320 m,
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Figure 4,5,3

An eagt-west cross sectional profile of the 'January’
ice rise (lat.68°30'S, long.61°W)., The surface elevation

rises to about 270 m sbove sea level and the maximum ice

thickness is about 320 m,
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ECHOES FROM BEDROCK

Figure 4,5.4

An example of & radio echo record obtained in

latitude 70°S, longitude 66°W, Bedrock elevations may ;
be seen to vary from 400 to 1300 m above sea level, The

gshape of the topograpgy is not represented exactly because

of the wide beam serial, but the relief is almost 1000 m,
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Contours of ice thickness in the Fossil Bluff region

of George VI Sound, The contour interval is 25 metres,
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Contours of ice thickness on the Wordie Ice Shelf,

The contour intervai is 50
: ‘ !

metres, The effects on ice

thickness of the Flemingwaqd Prospect Glaciers may be

. clearly seen, The thickening in the north-east corner

ig due to the Hariot Glacier.
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Figure li.5,7

Contours of ice thickness on the Larsen Ice Shelf.
The contour interyal is 50 metres, Several glaciers have
a pronounced effect on @ce‘thickness, the most conspicuous
being the ice from the lercator Ice Piedmont in the soufh—
west corner., It may be this ice stream which causes the

bulge in the Larsen Ice Front in latitude 68°S being

constrained in the south by the ice rise,
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4.6 Note regarding iceberg '1967-A'

Two giant icebergs in the Weddell Sea have been visible on
ESSA satellite photographs since October 1967 when they were just
off the coast in longitude 7OW. Swithinbank (1969) traced their
progress to longitude 40°W and suggested their origin in the tongue
of the Amery Ice Shelf that calved in December 1965 from a position
in longitude 73°E and was sighted at intervals up to spring 1966,
when it divided into two parts while in longitude 45C€E. The mean
velocity since its calving was sbout 15 mm s=1,

If the two icebergs seen on satellite photographs are the same
as the two parts which separated in longitude 45%°E, then the mean
velocity between December 1965 and October 1967 would have to be
25 mm s™1,  Between October 1967 and September 1968 the mean

velocity as measured on satellite photographs was about 40 mm g1

so that it is quite possible that the icebergs averaged 25 mm s'i
during the preceding two years. By Jamiary 1970 the larger of

the two icebergs ('1967-A') was on the west side of the Weddell

Sea in latitude 72°S longitude 59°W and was radio echo sounded
during a flight from Fossil Bluff. Figure 4. 6.1 shows the position

of the iceberg and the track of the aircrafi. Ice thicknesses

were between 200 and 250 m which agree with estimates of the thickness

of the Amery Ice Shelf (personal communication from W. Budd,

10 March 1970). More interesting is the atternuation of the bottom

echo, which was between 6 and 10 dB per 100 m path in ice. This
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is too high for pure ice even at 0°C but agrees with Budd's
measurement of 7.5 dB per 100 m made on the Amery Ice Shelf.
There is no evidence on the radio echo record of a brine layer
close to sea level which could explain the high attenuation,
but it might be explained by the origin of the Amery Ice Shelf

itself. It is fed by the fast moving Lambert Glacier which is

very disturbed where it enters the ice shelf. It is possible that ,
brine is able to well up in rifts in such a way as to soak the bulk

of the ice which then consolidates to form a smooth ice shelf while

retaining its brine contamination. The rates of movement and snow |
accumulation over the Amery Ice Shelf as reported by Budd (1966)

are such that ice which originated in the Lambert Glacier might

be expected to represent a substantial proportion of the ice shelf
|
thickness at the ice front. This could explain the high attenuation

observed in the ice shelf, and the same attenuation found in the

iceberg lends support to the theory of its origin.
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Figure L,6,1

Showing the p051t10n of iceberg '1967-A' in the

Weddell Sea when it was radio echo sounded, January 1970,
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CHAPTER 5

Navigational methods

5.1 Ayailable data

In this chapter we will consider the methods that have been
used to determine the position of airborne radio echo sounding
measurement s. We will consider the installations in a Lockheed
C121 Super Constellation aircraft operating from McMurdo Sound,
Antarctica, during the 1967-68 season (chapter 4); in a twin-
engined DeHavilland Otter operating in the Antarctie Peninsuia
during the 1969-70 season (chepter 4); and in a Lockheed C130
Hercules aircraft operating from McMurdo Sound, Antarctica, during
the 1969-70 season (a sequel to the 1967-68 season).

For surveying purposes, positional information is usually
obtained from a combination of a position~fixing system, by which
positions are periodically determined without reference to the
dynamic history of the aircraft, and a dead~-reckoning system, by
which such positions are extrapolated to future time. A consideration
of most dead-reckoning and position-fixing systems has been published
by Kayton end Freid (1969). In the Antarctic, the problems of
maintenance, as well as economics, have limited the navigational
systems to the most basic. It is likely that future survey work
of this kind, will make use of more accurate techniques. Neverthe-

less, the general results cbtained in this chapter will be applicable

to position-fixing and dead-reckoning systems which are more precise.
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A1l three aircraft were equipped with an SFIM flight recorder
that was used to record, in an analogue form, all flight parameters
of navigational importance. The medium of recording is photographic
paper, 60 mm wide. It has the advantage of relative simplicity,
but requires photographic processing. The paremeters which have
been monitored are as follows:

The static air pressure was measured by means of an aneroid
transducer in the flight recorder, to an accuracy of about 0.1 mbar.

The pitot air pressure (stagnation pressure) was measured to

|

the same accuracy by a similar transducer. |

The outside air temperature was recorded using a resistive l
thermometer in a bridge circuit. This could be read to about 1°0, ‘
but its calibration depends upon aircraft velocity.

Heading information was recorded by converting a suitable
synchro signal to a DC signal using a proprietary converter (sE !
Leboratories Ltd. ). The Twin Otter aircraft operating at some

distance from the magnetic pole, used a gyro-stabilized magnetic

compass, while the two larger aircraft used free gyros to provide

heading information.

The terrain clearance of the larger aircraft was measured by
a microwave radar altimeter. On the Twin Otter, the only record
of terrain clearance was contained on the radio echo film.

The C130 Hercules was equipped with a doppler system, and the

velocity components along-track and across-track were recorded on
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the SFIM flight recorder.

The principal disadvantage of an analogue recording medium
is that it has to be digitized before the information can be used
in a computer. Figure 5.1.1 shows a section of the flight recorder
trace. The two air pressure signals are represented as two traces
each, one coarse trace, and one vernier trace. Methods of
automatic digitizing were considered but none were implemented.
Perhaps the most promising solution would be to use a television
camera linked to a digital computer, in such a way that the co-
ordinates of the lines could be found rapidly. The author is of
the opinion that it would be possible for such a computer to distin-
guish the many traces by means of their statistical properties.
It has not been possible to explore this further. Instead a
proprietary semi-automatic trace reader (PCD Ltd.) has been used
to digitize all the SFIM traces. This instrument requires a
cursor to be manually positioned over the required point, so that
the coordinates of the cursor may be reproduced on punched paper
tape. This is used in subsequent computer analysis. Tests made
with this instrument indicate that the standard deviation in each
coordinate is about 0.3 mm. This figure is partly due to the
instrument resolution, and partly due to operator inaccuracy. Two

methods of reading the information on the SFIM have been used.

The 1967~68 records were read in the simplest way: the Y co=
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ordinates of all traces being measured at each time interval. The
intervals were chosen to represent adequately any change in a
parameter. The minimum interval used was 5 seconds, the maximum
interval was 60 secands. A total of 95 hours flight data were
digitized in this way. The 1969-70 records were digitized in

a more rapid mamnner, requiring a more sophisticated computer program.
In successive 'epochs' (usually 15 minutes) of record, each trace
was digitized as a series of points which were linked by the computer
program with straight lines. The value of each parameter was then
computed at 6 second intervals. By this means, only a few points
were necessary to define an approximately straight trace, while
rapidly changing traces were digitized at closer intervals. With
the earlier method, all traces were read frequently, if only one

was fluctuating. By either method, the information contained on
the SFIM record was converted into a computer compatible punched
paper tape.

Tn addition to the flight recorder, the two larger aircraft
were equipped with trimetrogon cameras. These are large mapping
cameras producing nine inch square negatives. Three such cameras
are used together; one vertical, one left obligue, and one right
oblique. The fields of view overlap so that complete coverage
is obtained as the aircraft proceeds. The Twin Otter aircraft

cerried a hand-held 35 mm camera which was also used for terrain

vhotography. The photographs produced by these cameras were
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used in the computation of position.

The two larger aircraft were egquipped with sextants to permit

celestial observations to be made. These were used in navigation,

and they were also used to obtain azimuth information to correct

the free-gyro compasses which were otherwise liable to drift.




conmvass

tiring marks.

Firmure 5,1.1

Showing part of the S.F.I,M. flight recorder chart,
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5.2 Dead reckoning methods .
The principal dead-reckoning system relied on air data for

speed information. The pitot and static air pressures and the

air temperature were obtained from the SFIM flight recorder data.

The measured sir temperature ( T, ) is a function of aireraft

speed. Thermodynamic considerations yield the relationship:

2
T =T, [\+ 51 ')”"-] (1)
(Kayton and Freid 1969 p.448)
where X is the specific heat ratio, Ma is the Mach number, and :7
is the recovery factor of the probe, For our purposes, the
temperature transducers have been calibrated at the normal cruising
speed of the aircraft using tables which take account of the effect
of aircraft structures ete. The true air speed (V) is obtained

from the pitot (P.) and static (Pg) pressures and temperature (T)

using the relationahip: Y
_-_ﬂ
— = || + 1__!. —_
P 5 2RT (2)
where R 1is the gas constant for air (Kayton and Freid 1969 p.447)

The true air speed together with the heading information provides
a velocity vector which is the basis of the dead-reckoning integration.
The doppler system in the Hercules aircraft was only intermittently

available, but when operating, it was used in preference to air data,

to provide a velocity vector for dead-reckoning.




The wey in which the velocity vector was integrated has varied.

Both the Super Constellation snd the Hercules used free gyros for

heading information, and these were aligned with the South Polar

Grid. This is a rectangular grid which is parallel to the Greenwich

meridian on a Polar Equidistant projection.  The size of one grid

degree 1s the same as the size of one degree of latitude at the

point where the grid intersects the quadrant meridians. Grid

heading and true heading differ by the value of the local longitude.

The dead-reckoning integration of the 1967-68 data was performed

in the grid plane. The velocity vectors in grid units were summed,

assuming movement in a rectangular plane. This is obviously an

incorrect assumption but required minimum programming effort since

the heading information was in the grid system. In fact, within

90° latitude of the Pole, grid lines.differ only slightly from

great circles. Por example, consider the line joining McMurdo

Station (77051'S 1669°37'E)

and Byrd Station (80° 1'S, 119932'W).

Solving the spherical triangle we find that the Grid azimuth of

the great circle from McMurdo to Byrd is 59°30'6"W and the length

of the arc is 13°21'28".
530 2112" W and the length

in azimuth is less than 30

In the Grid plane, the azimuth is
of the arc is 13024'34". The difference

seconds of arc, and the difference in

gistance is less than O.5%

With improved programming expertise, integration of velocity

vectors on the spheroid was no longer a problem, and the 1969-70
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data of both the Twin Ctter amd the Hercules aircraft were analysed g
in this way. The Twin Otter used a gyro stabilized magnetic compass

so that knowledge of the magnetic variation was reqired. Examination

of the few measurements of magnetic variation which were available \
showed that in the area of the Antarctic Peninsula, the following
first=~order two-dimensional polynomial could be used to relate

magnetic variation to position:

Variation (east) = 0.57 (Latitude) + 0.71 (Longitude) = 65.6
(3)

All units are degrees. The form of the equation indicates that
lines of constant variation are parallel straight lines on a Plate
Carée projection (similar to Mercator near to the eguator). The
true heading of the Hercules was obtained from its grid heading by
adding westerly longitude. Both are therefore position dependant.
This means that an error in the dead-reckoning system, causing an
incorrect DR position to be arrived at, has a second order error
in that the directional information used for subsequent integration
is slightly in error. In the case of the Hercules, this is not

a prcblem since an error in pesition, even close to the pole where

longitude changes rapidly, is still integrated to produce the same
shape of track in the grid plane, and we have seen that the error

in this is not large. The area covered by flights of the Twin

Otter is small encugh for the problem to be neglected. If the
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problem were serious, an iterative solution would be to use the
corrected track (see section 5.4) to derive an improved version
of the magnetic variation which would then be used to re~compute

the dead-reckoning track. The process could be repeated as many

times as are necessary.




114

5.3 Position fixings methods

Three large stations, McMurdo, Byrd, and Amundsen-Scott Base
at the south pole, were equipped with TACAN beacaons. Both the
Super Constellation and the Hercules aircraft were able to use the
beacons. Unfortunately the range of these facilities is only
about 100 km at low altitudes. At higher altitudes the range is
greater but the error in position due to the limited accuracy of
the azimuth measurement may be as much as 20 km at a range of 200 km.
Flights from these stations frequently ranged out to 1500 km and
for this reason, TACAN was only useful as a terminal navigation
aid. Apart from TACAN no radio navigational aid was available.
Often the only method of position fixing was visual identification
or (what smounts to the same thing) identification on the aircraft
radar or later identification on the trimetrogon photographs. The
methods reqiired the region to be mapped in advance and in many
areas of the Antarctic, conspicuous surface features are absent.
The aircraft radar (not availeble on the Twin Otter) extended the
useful renge of visual identification but with a correspondingly
greater error. Within visual range of mapped surface features,
the trimetrogon cameras were regularly used to permit later
resection of position.

One method of photographic resection which we have used,

entailed using the semi-automatic coordinate reader to measure the

positions on obligue aerial photographs, of known control points.
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The angles subtended by such control points could then be computed.
Figure 5.3.1 shows the geometry of two points, A and B , and
the lens L , and principal point P . The angle between feature A

and the centre line of the photograph at A' is given by:

AA
% = arctan
! \fl_f’l-rpﬁ'z

(4)

Similarly for feature B:

= arctan BB’
e [ i

(5)
We have made the simplifying assumption that the angle in the
horizontal plane, subtended by the two features at the lens is:
¢' + ¢2. This angle is incorrect by a factor equal to the
cosine of the angle by which the observed features depart from the
horizontal plane through the aircraft. Even at 100 km range the

contribution from the earth's curvature is only about 10 and

therefore the largest error in this assumption is usually due to
the different altitudes of the aircraft and the control points.
A difference from the horizontal of 5° would introduce an error

of 0.5% in the calculated angle.

Subtended angles have also been measured with a perspective |




1186 ,

overlay. On a horizontal surface one may construct radials from

the nadir, and project these into the focal plane of the photograph.
Vertical planes passing through the observer's vertical intersect

the plane of the photograph in straight lines, therefore the projection
of horizontal angles is unaffected either by earth curvature or

by the height of the observer above the control points.*  However

the projection of radials is affected by the inclination of the

optic axis of the camera: a change of 5° from the nominal inclination
of 30° for trimetrogon obliques, introduces an error of 5% in the
measured angle subtended by control points near the horizontal.

In the case of camera swing, both the graphical and geometrical
methods need to use the apparent horizon to define the vertical
through the optic axis (unless there is separate information about

the aircraft pitch).

Given the geographic positions of the chosen control points,
it is possible to compute the theoretical angles in the horizontal
plane, subtended at any assumed position. An iterative computer
program has been written which adjusts the assumed position to one

having a least-squared difference between observed and computed

Footnote
This is not true of the 'Canadian Grid' overlay which is used to

measure distances between features in the photograph - clearly

scale depends directly on the height of the cbserver.
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angles for a number of control points. Three control points are

required for a unique position; using more than three points, the

probable error in the position obtained is reduced. The restriction

that applies to a conventional resection, namely that the control

points must not lie on a circle through the position occupied,

applies to this method. Position fixes have been obtained by

this method at distances as great as 100 km from mapped surface %
features which were visible on oblique aerial photographs. The }
uncertainty in the positions obtained by this method has been found |
to be a few percent of the distance of the control points. \

Figure 5.3.2 shows a track plot using numerous fixes obtained from

oblique aerial rhotographs. Some fixes have been rejected because

the magnitude of the minimum residual obtained, suggested an error

in control point identification,
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5.4 Navigational accuracy in general terms

In general there is a probable error in both the position~
fixing system and the dead-reckoning system. The nature and
magnitude of these errors have been discussed by Kayton and Freid
(1969).  Remsayer (1969) has proposed a method by which the
important systematic errors in the dead~reckoning system are
determined by least squares adjustment, and corrected for during
flight; the process requires the use of an airborne computer.

In the case of geophysical surveying, the track may be determined

more accurately in retrospect knowing the point of arrival as well

as the point of departure.
Congider & position fix (XJ”")’}'”), and a dead-reckoning
. a . . . 2
pos1’clon1-a’c the fix (X d!'le")’ having varisnces of f'jm
and G:‘. respectively. A weighted mean position may be

expressed thus:

A
X = w. X, + Wy s (6)
N
y = w, X o+ V\‘/{_mzé'x (7)

where the weights are related thus:

118




|
|
|
|

This weilghted-mean position has a variance in X of’:

G—z()?) = W:F: G;:: + \“{1: G::'

(8)

R AR

The variance is minimized by setting
R Ywde

In this way the weights for an optimum weighted-mean position are

to zero,

found:

_ Che oL
w&-;—"—r s Wik= = (9)

2
Jlx + rJ.r O}"‘ * 6:Lf
In the case of a position line, we may consider it to be a

position fix but with a variance of ea in the direction parallel

2
to the position line, and a variance of g . (_ perpendicular to the

P
position line. If the dead-reckoning position is (X J.r’ \/J_r)

2
with variance G:L« and the position line is given by Y= m¥'+cC "

then the foot of the perpendicular from the dead-reckoning position

on to the position line is the point é(f,x/);,,)where:

X}:x - X,;.,_-f-my.,(.re-mc—__

M=+ | (10)

)l}'-m = MX‘,,, + c

(12)
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The position having minimum variance is given by:

A 2 2 \
0ot G ur ’
= —r + !
X Gpe 4G, o Ot +TLr X (1) fl
A L z :
—_ Jpt O dr | ‘
- — ~ t — (13)
‘>/ cﬁh. f(ZL- ‘>:hr (7}( _'qi:_ )‘;,x. 0 .

The variance of this point is(fii— in the direction parallel to
the position line, and ¢ ;L a";_‘. perpendicular to the position line.
Having thus obtained the optimum position at a fix, we extra-
polate the position to future time by means of a dead-reckoning
systen. In general the variance of the dead-reckoning system
degrades with time. However, unlike the in-flight case dealt with
by Ramsayer, the point of arrival at a new fix may be used to
improve a post flight track. At each new fix a similsr optimum
position maey be found by application of the above expressions.
In practice the accuracy of a fix has been much greater than the
accuracy of the dead-reckoning position and the computer program
has therefore been written to use the fix position and ignore the

dead-reckoning position. The dead~reckoning track is then adjusted

linearly with time (see next section) to fit the fixes. This

produces a corrected track plot which passes through the fixes, but




120 l

The position having minimum variance is given by: i

A
X = —/——= Xk +

Gpe 9, PZ- +Gy
A T 2 i
—_ dpt 0 dr
= 5
Y R o Tt G Ve

|
]
2 |
The variance of this point is OZL,- in the direction parallel to l‘ |
S

the position line, and 07 pL a“&‘. perpendicular to the position line. |
|
|

G}tc sy, il

|

Having thus obtained the optimum position at a fix, we extra~ i i
‘;

|

polate the position to future time by means of a dead-reckoning

systen. In general the variance of the dead-reckoning system ;
degrades with time. However, unlike the in-flight case dealt with 4
by Remsayer, the point of arrival at a new fix may be used to |

improve a post flight track. At each new fix a similar optimum )

position may be found by application of the above expressions.

In practice the accuracy of a fix has been much greater than the |'
accuracy of the dead-reckoning position and the computer program |
has therefore been written to use the fix position and ignore the

dead~reckoning position. The dead-reckoning track is then adjusted

linearly with time (see next section) to fit the fixes. This

produces a corrected treck plot which passes through the fixes, but
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| is controlled between them by the dead-reckoning information.
Figure 5.4.1 shows graphically the relation between fixes, dead-
reckoning, and ice thickness measurement in the production of the
(X, ¥, 2) dasa. The methods of presenting these data are described
in the next chapter. Deconvolution refers to the process of
reconstructing the true bedrock profile from the distorted profile
which is obtained using a wide beam aerial (see chapter 1). We
have assumed that this process is not required, and that the para-
meter of interest is the range of the nearest reflecting surface,
rather than the vertical ice thickness at any point. The
difference between the dead-reckoning position and the fix position

has been found to be typically 10 metres per second of dead-reckoning

time using eir data, and 2 metres per second of dead-reckoning time

using the doppler information.
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5.5 Random errors in dead-reckoning

We will now consider random errors in the dead-reckoning
system and neglect for the moment errors in the fixes. Suppose
that the departure of the dead-reckoning track from the actual
track is formally the same as a Brownian motion in both directions
X and y . This will be the case if the dead-reckoning system
integrates velocity signals having geussien noise but no systematic
error in them. If the root mean square velocity of departure in
one dimension is Vrms’ the vprobability distribution of departure

4 after a time t is normal with variance V2 %.
rms

( -~ 3?2
cx

Vins2TE F 2 Vs € (14)

P(x, t) =

If at some time t the departure is known to be x , then at some

later time T +the departure X will be distributed according to:

\ —(x~x)
XT[=E) = g
pexT/ ) =) 2 Vs T-8) | (15)

It may be shown that the probability distribution of departure x

after time t , given the departure X after time T , is:

9
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pCet/XT) = p(cr/x9) PG

f(X, T') (16)

Hence knowing the departure X after time T by means of a position
fixing system, the departure x after some lesser time +t is

distributed thus:

16T E—_— -(’“%xﬂ

V,, [2mE(-£) = A -%)J (12)

This is a normal distribution centred on (t/T) X with standard
deviation V / t(1-t/T) . Hence we have obtained the well

known result that the probable error in the track can be minimized
by meking (x~(t/T)X) the corrected track. The root mean square

value of X is V , T and the ratio of x to X is:
rms rms ™ms

t (- %)
T (18)

This has a meximum value (when t = T/2) of 0.5. Thus the

adjusted track may be in error by half the root mean square

observed departure at a new fix.
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5.6 Systematic errors in dead-reckoning
We will now consider the effect of certain systematic errors
in the dead-reckoning system, and again neglect errors in the fixes.

Define the following vector positions:

At) The actual track between ideal fixes
B(t) The track obtained by dead reckoning

!
c(t) The corrected track

and the following vector velocities:

V(t) The true velocity vector

W(t) The velocity vector used by the dead-reckoning system

For simplicity in assessing these errors assume that navigation

is in a plane, If at time t = 0 the vector position is known

to be P , then we can write the expressions:

€
A(t) = P + !- VW) avt (19) '.
o .
B(t) = P + S W) aT (20)
3 .

Then the departure of the dead-reckoning track from the true track is:

t

B{t) - A(t) = gw('t') - v(X¥) a¥ (21) |

(+]




If at time T the true vector position is known (an ideal fix)
then the value of B(T) - A(T) is observed and the corrected
track is obtained by adjusting the dead-reckoning track in
accordance with the rule derived for a random departure, i.e.

linearly with time.

c(t)

i)

3(s) - (&/1)  3(®) - 2]

which is:

G(t)

il

t
P+ J—W('t) aT -(+/1) (ﬁv(’r )-v(”d] aT

° (22)

From this we obtain the difference between the true track and the
corrected track.

0(t) = A(t) JE«M‘) ()] aT- (w/m) j@('t) )] et

(23)

It may be seen that this is identically zero at times t = 0 and
t =T, that is the corrected track is constrained to pass through

the initial and final fixes regardless of any error in the dead-
reckoning system. At other times, the difference between the
corrected track and the true track depends upon W(t) - V(%)

that is errors in the dead-reckoning system.

The propagation of errors in doppler and inertisl navigators

125
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used as 'open loop' dead-reckoning systems is a much-studied subject.
We will substitute some (likely) systematic errors in these systems
into equation (23) sbove, and evaluate their effect on the

corrected track.

1) A systematic error in the scale factor of velocity might
be the result of miscalibration of the dead-reckoning system or

for example mis-alignment of a doppler beam. We may then write:

W(t) = (1 +$) V(t)

(24)

Equation (23) above reduces to:

&+ ™
c(t) ~ A(t) = SV('t) at -~ (t/1) Sv(’t) aT ;]
o (25) i

o

This is only zero (the corrected track identical to the true track)
if

t
gv(x) av o< t which is true if V(t) is a constant.
o

Otherwise the error in the corrected track at any instant is squal

to s multiplied by the distance between the actual vosition and

the position interpolated along a straight line between the fixes.




Clearly the more nearly straight the actual track, the more

accurate the corrected track.

2) A systematic velocity offset might be due to miscalibration
of the dead-reckoning system or to some bias in a doppler navigator
frequency tracker, Note that a constant wind vector is formally
the seme as this in the case of a dead-reckoning system which relies

upon air data. We may then write:

W(t) = K(t) + v(t)

(26)

Equation (23) then becomes:

t ™
C(t) - A(t) = IK(?:)&T - (t/1) K(ar
° ° (27)

which for a constant X(t) is identically zero. Thus a constant !
error in velocity does not cause an error in the corrected track. !
If the velocity offset is due to some bias in the frequency tracker |
of a doppler navigator, the K(t) is only constant if V(%) is

also constant. If V(t) is not constant then K(t) will vary

and the corrected track will be in error. In the case of an air

data dead-reckoning system, the wind vector K(t) is most likely

not to be constant and again the corrected track is in error.
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3) A constant error in the heading information may be caused
by incorrect alignment of the compass gyro or, in the case of a
magnetic compass, by incorrect magnetic variation information.

In this case if we write:

i

W(t) = V' exp (j e)

(28)

i}

V! exp @?’)

V(t)
(29)

where V' is a scalar speed, and the heading error é; is equal to:
S:e—-sb’

Equation (23) reduces to:

e o
C(t) - A(t) = {exp(jS)-l} ﬁV(’t)d’Y - (t/T) J;v(t)d'z:
[o]
(30)

Once again we see that if V(%) is constant this is identically

zero and the corrected track is the true track.

4) A constant rate of change of heading error is not

infrequently a property of an imperfect gyro. In this case

we write:




W) =V exs [ p + §1) |

(31)

V(t) = V' exp [j;é]
(52)

If V(t) is a constant, then expression (23) becomes:

Vel [ ise v
Jes {(QJ - l) -t? (eJ - ')} (35)

If S’T‘ is small this reduces to:

Vel i$ t (=)
2

(24)

The magnitude of the difference is an extremum when: ‘t = T'/Q_’

the same as for the other systematic errors, and it is equal to:

VST
8 (35)

For exsmple: Consider a gyro drift of 0.01 radians per hour.

If the time between fixes is 1 hour and the distance covered in an !

hour is 500 km, the maximum error in the corrected track would
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be: 0.6 km, i
It is clear from the @bove illustrations that the corrected
track most closely approximates to the true track if the velocity '
vector is constant; that is the aircraft flies at a constant speed
in a constant direction between fixes.
To illustrate the accuracy of a corrected track, figure 5.6.1

shows the process of fitting the dead-reckoning track to the fixes

applied to a flight in the Antarctic Peninsula. The portion of
the flight shown covers about 400 km and has been fitted to four
fixes. Four other fixes which were not used to correct the track |
are shown, together with the corresponding dead~reckoning 