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SUMMARY

of ground o and dielectric
constant & were carried out at a number of different
sites in Southern Norway during the first 8 months of
1955. The wave tilt method was employed for frequencies
between 0.2 and 12 Mc/s. The analysis has bzen based
upon K. A. Norton's expression for wave tilt in the radia-
tion field of a vertical electric dipole on a plane, homo-
geneous earth. As shown by Grosskopf and Wait these
ceffectives constants will, for a horizontally stratified
ground, depend upon both the specific ¢ and & values
of each layer and the ratio of wave length to layer-
thickness, the depth of penetration bemng taken into
consideration.  Nevertheless these effective ground
constants may be applied to every kind of ground wave
calculations within a limited frequency range.

Wet bogs and clays in formerly submarine areas show
very high effective conductivity, ¢ > 10~* mho/m. On
the contrary granites and gneisses, which are very com-
mon in Norway, as well as sand and gravel in glacier
and niver deposits, are all very poor conductors. Values
of ¢ balow 10~mho/m were frequently observed. Ef-
fective dielectric constants are ordinarily between 30
and 50 for the furst group, but around 10 for the last.
Negative values of ¢, are common in areas with a sur-
face layer of sand upon clay of much higher conductivity.

Some special investigations were performed in order
to study the effect of ice upon fresh water, seasonal
vanations of effective o and ¢ in a clay area at Kjeller,
and the possibility of directional attenuation over an
anisotropic ground at Bamble.

1.0 INTRODUCTION

It is well known that a certain knowledge of
the electrical properties of the ground is required
for almost any kind of calculations concerning
propagation of radio waves. The complex ground
conductivity influences the radiation pattern of
aerials intended for communication via the iono-
sphere or troposphere as well as along the earth’s
surface. Regarding the latter, the waves will even
suffer attenuation and phase change along the
entire path due to the presence of a finite conduc-
ting ground. Of major importance then is the tirst
part of the path from the transmitter, as stated

by the Millington dand — seay effect. Consequently
ground wave transmitters are ordinarily erected
within districts of good conducting ground.

Investigations of ground conductivity at radio
frequencies have been carried out in most parts of
the world during the last thirty years, but up to
1954 very few measurements had been performed in
Norway. However, a geological survey map with
a kind of radiogeological classification was made
during the last war [31], though no values of ground
conductivity, nor dielectric constants were pre-
sented.
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At the end of 1954 the NDRE made a study of
the existing methods by which ground constants
could be determined, and comparative measure-
ments were made at Kjeller and Gardermoen [27].
The conclusion was reached that the wave tilt
method was the best suited for measurements in
Norwegian terrain, and a simple measuring equip-
ment was arranged.

Based on the study of geological maps and re-
ports from measurements abroad a programme
was set up to investigate further the conductivity
of Norwegian rocks and soil. It was soon recogni-
zed, however, that to present a detailed map of
measurements covering the whole of Norway
would be beyond the limits of economics and
practicability. Thus an attempt was made to cor-
rect the above mentioned survey map only, and
as far as possible add to it values of measured
ground constants. According to this programme
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measurements were made within a number of
selected, different areas of fairly uniform ground.
The result is presented here.

It was shown by the measurements that a homo-
geneous ground, for which the classical Sommerfeld
propagation theory was developed, is in fact very
rare. Rocks may exhibit a pronounced primary
stratification, or, more commonly, may show a
surface layer of better conductivity due to a higher
moisture content. Within districts of Quaternary
deposits a three layer ground is common, the mid-
layer being the best conducting. In addition sea-
sonal and diurnal variations in temperature and
moisture content occur, changing the state of stra-
tification markedly.

Owing to this the theory of horizontal stratifi-
cation was paid some attention, and a few special
cases were treated more thoroughly.

2.0 PROPAGATION OF SURFACE WAVES ALONG
A FINITELY CONDUCTING PLANE EARTH

The exact solution of Maxwell’s equations in the
case of radio waves radiated along the surface of
earth from a vertical electric doublet or a short
vertical aerial on the earth, may be carried out
for certain cases. A most complicated mathematics
is involved, however, and it is of utmost impor-
tance for practical applications to introduce general
simplifications.

Though it is far beyond the scope of this paper
to give any new propagation theory, an attempt
is made to present basic formulae on a form con-
venient for an analysis of field measurements.
Further an evaluation of the field equations for
a plane wave propagating over a stratified earth
is carried out to explain some discrepancies be-
tween the theory of homogeneous earth and mea-
surements carried out on a stratified ground. This
problem was first treated by Hack in 1903 and
later by Grosskopf [3—5] and Wait [8—10].

2.1 Effective ground constants.

The surface wave field intensity at a short di-
stance, d, from a vertical electric dipole, is, accor-

ding to the classical Sommerfeld—Norton theory
given by the following formula:

F S
E=E(k+r =1/ (201)

By short distance is meant that we can neglect
the curvature of earth. E, is the free-space field
intensity at a unit distance from the aerial, k and
r are unit vectors in the vertical direction and in
the direction of propagation respectively. The
attenuation function F, shown in equation (2.97),
as well as the refractive index », depend upon the
frequency o, the ground conductivity ¢ and the
dielectric constant e. The time factor ¢ '® is neg-
lected.

T ey ¢ 202)

X = ojws, (2.03)
In the mks-system of units, the dielectric constant
£ is measured in F/m and written as the product
of the dielectric constant of free space ¢, = 8,854
F/m and the relative dielectric constant ¢, The
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latter characterizes the electric properties ot the
soil together with the conductivity o, which is
measured in mho/m. These two are mentioned
the ground constants. The relative magnetic per-
meability is neglected, since it usually equals unity.
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The ground wave components.

Fig. 2.1

Equation (2.02) is valid for a homogeneous earth
only. With stratification the refractive index
will change relative to the layer thickness and the
electric properties of each layer.

‘When the frequency is kept constant, radio mea-
surements ordinarily give two independent magni-
tudes, and a complete investigation of a stratified
ground requires measurements at different fre-
quencies. As far as £ and o in each layer do not
change with the frequency, these constants may
be determined together with the depth of each
layer.

The ratio between the horizontal and the verti-
cal components of the electrical field is easily
derived from (2.01):

E,|E,= 069 =|n®—1/|n* (2.04)
This ratio is called the wave tilt, and the expres-
sion is of fundamental importance in the ground
wave propagation theory. The «umerical dis-
tance» p introduced by Sommerfeld may for
instance be expressed as-
pe = —j (kd [2) [oe'9)? (2.05)
Here £ is the phase constant 27/, where Z denotes
wave length. Hence we may write phase and
magnitude separately:
b=2p—m2
p = nde?/A
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From p and b the attenuation function F is ex-
pressed, according to Sommerfeld, as
F=1+ilpet2feau (2.06)
—)
The function F is presented in Fig. (2.2). Some
authors use the opposite sign for & in the equation
above, because ¢’ is chosen as time factor, for
instance K. A. Norton for his field strength cur-
ves [7].

Further the reflection coefficients for plane
waves may be expressed directly from g, ¢ or as
functions of p, b [7].

Grosskopf [5] and Wait [9, 10] have shown that
the different propagation formulae exist in the
same form even for a horizontally stratified ground.
This fact enables us to solve a wide variety of
practical problems concerning ground wave pro-
pagation if the terms o and ¢ only, or any two
terms derived directly from these, are known. But
it is obvious that a further simplification by intro-
ducing an «eftective conductivity) as the only
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Fig. 2.2. The attenuation function F versus numerical
distance p (after Wait), b<o for a homogenous earth.

significant ground constant, can not be generally
accepted.

For most radio measurements, however, the
result is not presented as ¢ and ¢ values, but in
terms of effective ground constants e, and
0., which are determined from the propagation
formulae as if the earth were homogenous, i.e.
related to g, ¢ by equation (2.02—4), shown in
Fig. (2.3).

For a homogenous ground ¢ and o will be fairly
invariable for increasing frequency above 100
ke/s; see also chapters 4 and 6. For a stratified
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Fig. 2.3. The wave tilt gefg as a function of effective
ground constants ey and X,.

ground, on the other hand, the effective constants
are valid only within a limited frequency range.
They are not true material constants, and in some
cases their value have no physical i as,
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H,, = (a,6~ " + b, e"n) ™
1 ot
o, +jwe, 3z
=1 Hw
0, +jwe, 0z,

=

(2.07)

m
a,, and b, are arbitrary constants. The propa-
gation constants, # in the z-direction, and sk in
the x-direction, must be related to the complex
propagation constant y of the medium by:

wh, =R+,

Vo = 1O @ — Epy iy 0® (2.08)
The magnetic permeability u is in most rocks and
soil equal to the permeability of free space, u, =
4710~7 H/m.

By solving (2.07) for m = 0 and a, = 0, we tind

the general expression for the wave tilt:

0'¢"' =E, |E, =—iju,|h (2.09)
and the propagation constant % will be found
from the boundary conditions in each case by
climinating @ and b from equation (2.07).

For a homogenous earth, there is only one
boundary between different media, namely be-
tween the air (0) and ground (1), and % is explicitly
derived from:

h=oVeu, V(T —p/pe) [ (1—1/c7)

(2.10)

The plex dielectric ¢ replaces e,—j X

for instance, the effective dielectric constant may
be negative.

2.2 Stratification in the earth’s surface.

The different propagation formulae, including
the Sommerfeld attenuation function, are all so
close related to the wave tilt that only the latter
will be treated here. The wave tilt will be derived
for a plane wave travelling along a horizontally
stratified earth and the result compared with
equation (2.04). The evaluation is based upon
Grosskopf’s and Wait's papers. It will be shown
later that for most practical applications the re-
sult is valid even for the radiation field from a
vertical aerial.

Maxwell’s equations give us the field components
of a plane wave travelling in the x-direction in a
medium m, illustrated in Fig. (2.4), as:

for the sake of simplicity.

(4
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Fig. 2.4. Geometry of a stratified earth.

When p = p, (2.09) gives:
0P =E, B =1/JF =1/n  (211)
It is clear that p will be less than unity, and ¢

will never exceed 45°,
\
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For all #2))1 it is further seen that equation
(2.04) gives the same result as equation (2.11), a
fact which indicates that Sommerfeld’s surface
wave is related to the Zenneck-wave.

A common sort of inhomogeneity is the horizon-
tal stratification in two layers, one upper layer (1)
with the depth Z, and a second (2) whose depth
may be considered infinitely large. From equation
(2.07) we obtain 9 equations. The three propaga-
tion constants are mutually related by:

22 = 2
Yo =TT @78,

(2.08b)

vEe, oforp, o =p,
Since the field in no case can be allowed to
approach infinity for increasing z, we always have
a, = by = 0. The remaining a’s and &’s are elimi-
nated by introducing the boundary conditions in
equation (2.07) from which we obtain a transcen-
dental system of equations for determining A:

M =y3[1—0%e 110y )2 1] (2.12)
dsinh u,Z + coshu,Z

()
0= %) # Odcoshu,Z + sinhu,Z

5— r2\2 e
v1) 2 ¥aEy
The dimensionless ratios Q and é are ratios of wave

impedance in the different media. Now the wave
tilt may be expressed by (2.09) and (2.12) as

oo = V1, Ve, —1) /(1) 0*—1) (2.14)
By the first sight this last expression does not tell
us any more than equation (2.09), as far as Q is
not known. After some simplifications, however,
it turns out to be a very useful expression. For
&)1, which is valid in a number of practical
cases, h* ~ -— 2, for all practical values of Q.
Then

2
Yi2=

(2.13)

o Vo2 =3 [ —73) mlm)?

(2.15)

and the wave tilt
(2.16)

e ~ Qo)

The last expression states that the wave tilt over
a two layer ground may be derived directly from
the expression for a homogeneous earth by applying
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a correction factor Q, which in virtue of the rela-
tion between the different hyperbolic functions
may be written

Q = tanh (a + #, Z)
provided that tanh o = 1/4.

(217)

Curves of ( which show magnitude and phase for
different functions of 8 are published by Grosskopf
[2] and Wait [8]. One example is shown in Fig.
(2.5). These curves give values of Q to be applied
to the low frequency range where ¢ is of secondary
importance compared with o. For a more general
solution of (2.17) a «tanh-relief» [11] or a modified
Smith chart may be used.
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Fig. 2.5. The correction factor Q versus numerical

depth V = Jouwz for different ratios o,/a,, (after Wait).

In some cases equation (2.16) is inconvenient.
For instance when expected seasonal variations
in the effective ground constants are to be calcu-
lated from measured values under @mormals con-
ditions, it will be necessary to evaluate the wave
tilt by a correction of the ¢’s and ¢’s primarily
based upon the constants of the lower medium. It
is supposed then that &, and o, are the known
quantities, and ¢’, ¢’ should be calculated when an
upper layer (1) caused by frost or drought etc. is
built up in the surface.

A simple modification of (2.13) gives

M=06Q=—¢yu,/uy= dtanh (a + u, Z) (2.18)
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and /% is obtained from an expression similiar to
(2.12):

T2 =yt [L— M]3 [(M[/)*—1] (2.19)
hence

edr' = V(s — D] [[o[ MP—1] (220)
Even if a poor conducting upper layer prevents
¢, from being large compared with unity, a mode-
rate depth Z(( 4, and moderate or good conducti-
vity in the subground give &', >» M? which enables
us to simplify even this expression to

Qe ~ Moye'w, (2.21)

and the simplified expression for § in equation
(2.15) is still valid.

From the expressions for the correction factor
Q and when Fig. (2.2) is compared with Fig. (2.5)
we conclude:

a) In the low frequency range a poor conducting
upper layer causes ¢’ to be large and it may
cven exceed 45°. For values of ¢’ greater than
45°, &, will be negative, and one measurement
alone will be the proof of existing stratification.
¢’ increases from g, towards g, by increasing
layer thickness Z, and it may even be greater
than p,.

On the contrary, a good conducting upper layer
causes ¢’ to be small, and large ¢, values will
be derived.

For higher frequencies where & is of greater
importance, ¢, , is ordinarily small, but stra-
tification with &;<¢'y may give considerable
¢’ values, and large values of o,, will be the
result. This may easily mislead to the con-
clusion that the conductivity of each layer
increases with increasing frequency.

As a result of point ¢) a warning must be given
against studies of the frequency dependence of
the real ground constants based upon wave mea-
surements. Only by isolating a limited amount of
soil in a laboratory test condenser it will be pos-
sible to avoid the influence of stratification.

The general solution of the stratification problem
for a large number of horizontal layers has been
found by Wait. The expression is derived in just
the same manner as for the two layer case, from
equation (2.07). Unfortunately it has not been
possible to give the equations a form plain enough
for practical calculations. Graphical superposition

=

c
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from the two-layer model seems to be the most
useful way of solving more complicated problems.

Equation (2.14) and (2.20) are valid for plane
waves over a two-layer ground, and it is easily
seen by comparison with equation (2.11) that we
have found an expression for the refractive index
#’ for a stratified ground. The same result could
be derived by starting with the laws of reflection.
As a principle, ¢’ and ¢’ could even be expressed
from equation (2.04) for a stratified ground. We
saw, however, that when the expressions in ques-
tion were simplified to a form which may find
practical application, we had to require %} y) 1 in
(2.14—16) or »2 »y1in (2.20—2.21), and that is just
the same condition which makes the expressions
derived for plane waves valid even for waves
radiated from an aerial at some distance.

The restriction #2)) 1 is not severe since for most
rocks and soil X alone is far greater than unity
through the entire LF and MF band, and for good
conducting soil far into the VHF band. For some
types of soil ¢, is large enough to make #2 )1 for
all frequencies. The same expressions may there-
fore be applied to practical field measurements
without further modifications.

2.3 Depth of penetration.

In the last chapter the problem of stratification
in the earth surface was mentioned without paying
any attention to the actual depth which must be
taken into consideration. The depth of penetration
may be calculated in the same manner as the
«skin depth» of currents in a plane conductor. Fig.
(2.6) shows some curves which illustrate this. The
limit of penetration is in Fig. (2.6) chosen as the
depth where the electric field is reduced to 1/100
of the field at the surface. The curves give a general
view, nothing is told, however, about the thickness
required for an upper layer to act as infinitely deep
in practical measurements.

The effective depth of penetration» may be
evaluated from equation (2.17) where the correc-
tion factor Q is given as a function of the thickness
Z of an upper layer:

(2.22)

|Q| e = tanh (a + u,Z) = tanh (a -+ Z V2 + h¥)

where y, is a frequency dependent function of the
ground constants in the surface layer, 4 is to a
s
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Fig. 2.6. Depth of penetration by grazing incidence of
vertically polarized radio waves, (after Pfister).

large extent determined by 7, alone and a by the
ratio between ground constants in the surface
layer and the sub-soil.

1f then, at a given frequency, |Q — 1| and |y|
for all possible a never exceed the priorly .chosen
small values AQ and Ay respectively, for increa-
sing Z>Z, we may regard Z, as the effective
depth of penetration.

The limits AQ and Ay should be chosen in
accordance with the accuracy obtainable by the
actual measuring equipment.

Provided that »?))y?2, we may write

[0lei = tanh (a + Z Ve, (—#1) (223)

and from a tanh- relief the limits are found in each
case. Even the last expression may be simplitied
to some extent. For instance for X ) ¢,, (—¢’;) may
be replaced by jX, and

|Q]¢7% = tanh (a + u,2)

= tanh (a +2 Vopa/2 +jZ Voua|2) (2.24)

In ag with Fig. (2.5) we find |y|<3° and
|0 —1} <29 forall Z Vepo >3, thus no measur-
able change in the field will be introduced by the
presence of a discontinuity deeper than

3

= Vouo
This last expression states that for large X, Z,
is inversely proportional to the root of the fre-
quency. When the frequency f is measured in
Me/s and the conductivity in mmho/m, we obtain
B 34
~ =
ST
This means about 2—3m for good conducting
soil at 10 Mc/s and up to 10 times as much for
poor conducting soil up to this frequency or for
a good conductivity around 100 kes.

Because of the periodical nature of fanii(a +- 5b)
the last expression will not hold for values of &,
of the same order of magnitude as X. This will be
clearly demonstrated by regarding equation (2.17)
for e)) X, i.e. for we))a:

Q = tanh (a + ,2) = tanh (a + jZ Ve, ¢) (2.26)

(2.25)

(2.25b)

In this case only the imaginary term of the argu-
ment is increasing with Z, and no limit Z, will be
found. In other words, we have wave propagation
in a lossless dielectric medium, and any inhomo-
geneity will be able to influence the surface wave
by introducing reflections.

No conclusion will be drawn about the appli-
cability of this fact to different geophysical in-
vestigations. It may be of practical importance,
but in most cases it seems to be difficult to fulfill
the requirement ¢,>» X. Neither must it be forgotten
that the evaluation of (2.25) is based upon plane
waves. For radiogeological mapping, however, it
is advantageous to have a great depth of pene-
tration since this will reduce the influence of sea-
sonal and diurnal variations of conductivity in
the upper surface layers, caused by changing tem-
perature and humidity.
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3.0 THE WAVE TILT METHOD
APPLIED FOR DETERMINATION OF EFFECTIVE
GROUND CONSTANTS

A number of different methods for determining
ground constants have been presented during the
last thirty years. They are mainly divided into
two different groups, namely those which are
related to ground wave propagation and those
which are not. The last group includes all labora-
tory sample tests by means of condensers or elec-
trodes on cylinders of rock, as well as measure-
ments of voltage and current between submerged
electrodes. Closely related to this group are also
measurements on Lecher wires in the earth and
measurements of inductance on wires along the
earth.

The first group consists of four different systems:
a) Field strength attenuation measurements,

b) The wave tilt method,

c) Determination of reflection coefficients by
oblique or vertical incidence,

Height gain registrations.

These four all have the advantage that they give
average values for a certain area in terms of effec-
tive ground constants. When other methods are
applied, these average values are not derived with-
out complicated calculations based upon a large
number of measurements within the area and to
different depths. It seems reasonable therefore
that one of the four methods a—d) should be em-
ployed for mapping, but they are not equally
simple to execute. The first requires a fairly uni-
form ground in a straight path extended several
wave-lengths from the transmitter, a plane earth,
transportable high precision field strength mea-
suring equipment and a transmitter stable enough
to give a constant output over a large interval
of time.

The last two methods both require some means
of elevating the measuring equipment to heights
comparable with the wave length. The electrical
precision must also be fairly high, except for some
reflection measurements developed by Feldman
[15].

The wave tilt-method also requires a uniform
earth and a plane ground, but only within a small

d

area around the measuring equipment. No ele-
vation of the equipment is necessary, and a com-
plete measurement is performed in a few seconds.
Theoretically there is no doubt therefore, that the
wave-tilt method is best suited for mapping in
Norwegian terrain. This assumption was further
verified by a number of comparative measure-
ments at NDRE during 1954 [27].

The wave-tilt method involves a determination
of the state of polarisation in the surface wave
from a vertical transmitting aerial on the earth.
At a large distance from the transmitter the sur-
face wave is elliptically polarised according to
equation (2.02). The form and inclination of the
polarisation ellipse are determined by e, 0,, and
the wave length only. The distance should be at
least 3—4 J.

3.1 Technical informations concerning the
measuring equipment and the measuring
procedure.

A rotating rod aerial 2.5 m long of 1 cm alumi-
num tubing was positioned about 2 m above the
ground as shown by Fig. (3.1). The vertical posi-
tion was determined by means of a spirit-level.
From the center of the aerial a screened twin cable
went horizontally through a bakelite tube for the

Fig. 3.1. The measuring equipment 1954,
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first 2m and then straight backwards 3 m to the
receiver. The cable was connected to an antenna
coil, electrostatically screened and inductively
coupled to the balanced, tuned input circuit of
the receiver. For most of the measurements a cop-
per box with interchangeable plug-in coils was
employed, but for the last méasurements improved
coils were made with individual boxes of silver-
plated brass, one for each frequency range, as
shown in Fig. (3.3). A special double-screened im-
pedance transformer with ferrite core was devel-
oped for better matching between the aerial and
the cable, but unfortunately these experiments
were not finished until the mapping to be described
here was brought to an end. The purpose of these
improvements was to obtain a higher accuracy,
especially for the investigation of stratified ground.

The receivers were of the Rhode & Schwarz type
HHF BN 1500—1501. The entire equipment could
be packed and carried by two persons.

shielded twin

_ _ _ cable, 80
o r _‘I aeral
'
Y
to !
—— !
receiver | |
—
S N —
lectrostatic
' screen

Schematic diagram of mput cireuit.

Within the district to be examined, some plane
sites had to be found. A stabilized transmitter with
approximately 100 W input, with a 10 m vertical
aerial was erected in the vicinity. The direction of
wave propagation on the measuring site was deter-
mined by means of a loop aerial on the receiver.
Next the rotating rod apparatus was situated so
the arial could be rotated in the plane of incidence
of the arriving waves. The loop was then replaced
by the screened input coils and the receiver cali-
brated by means of an internal calibration oscillator.

The tilt angle, 0, the ratio between minimum and
maximum induced voltage, K, as well as the ratio
between the horizontal and the vertical field com-
ponent, g, were determined by direct readings on
the logarithmic scale of the instrument and the
angular scale on the aerial when the rod was rota-
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Fig. 3.3. Two new screened coils together with an aerial
holder and an experimental ferrite-transformer.

ted. The induced voltage in the aerial as a function
of rotating angle is shown in Fig. (3.4).

All measurements were repeated 3—4 times to
reduce observation errors,

3.2 Analysis of wave tilt measurements.

When K and § are measured, ¢,; and X, will be
derived from the nomograph Fig. (3.5 D), and ¢,
then from Fig. (3.5 C) or equation (2.03).

eliptically
polarized

/% % "
A, X

induced voltage
_minor_axis
““major_axis

horizontal field comp
vertical field comp

b
K=g
H.
S

9= tit angle

z

Fig. 3.4. Typical pattern of induced voltage in a short
electrical dipole rotated in the plane of mcidence.
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The axial ratio and the tilt-angle of the polari-
zation ellipse are found by introducing the time
factor ¢’ in equation (2.04) and then taking the
real part of the expression for the vertical and the
horizontal components separately:

z = cos wt
x = g cos (wl + @) (3.01)

By rotation of the coordinate system and elli-
mination of wt we obtain

2pcos g
tan 20 = 1 792" (3.02)
— / e 20T T (3.03
l 1+ g*tan® + 2o cos g tan 6 6.03)
or in the opposite order
K2+ tan%0
e= [ ¥ Ketantt B9
(1—K?tanf
@ =008 T e o (3.05)

Y/ (1 4 K*tan?0) (K* 4 tan?)
It is obvious then that measurement of K and 6
is adequate for determination of ¢ and o, as far
as these may be derived from ¢ and ¢ by equations
(2.02), (2.03) and (2.04).

The equations (3.02—05) may be simplified
within different X-intervals, and Fig. (3.5 D) is
plotted by computing K and 6 for different e and X.

As mentioned before even g is measured, and
since only K and 0 are used to determine ¢ and X,
o may be used to check the values derived. If the
measurements are correctly performed, ¢, 6 and
K must suit equation (3.04).

Equation (3.02) may be employed to derive ¢
from 6 and g, and the equation is shown in a no-
mographic representation in Fig. (3.5 A). It was
found by the measurements, however, that for
most cases the X-values were so large that the
simple expression:

(3.06)
could replace equation (3.03). At the same time
small tilt angles occur. ¢ was then calculated

from equation (3.06) and the check carried out by
calculation of 0 from

K = psin ¢

tan " = p cos ¢, (3.07)

this angle was compared with the tilt angle mea-
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sured. The equations (3.06—07) are shown in a
nomograph Fig. (3.5 B).

In the most typical cases of stratification Fig.
(3.5 D) could not be used in its original form. For
large X-values, i.e. for small tilt angles, the effec-
tive conductivity was derived from

X~ Yy (1K) (3.08)

This gives a practical means for comparison be-
tween different sites. The dielectric constant is
neglected, but the X value yields sufficient in-
formation for the calculation of ground wave
attenuation etc. by low frequencies, without in-
troducing ¢ [6].

For more accurate studies ¢ and ¢’ were applied
to the theory outlined in chapter 2.2.

3.3 Accuracy of the wave tilt measurements.

The equipment employed was too rough to allow
high precision measurements, though the degree
of accuracy was found to be good compared with
ordinary field strength measurements. The diffe-
rent sources of error are:

a) Instrument errors.

b) Observation errors, on voltmeter.

c) Transmitter instability.

d) Deviation from true vertical at zero angle.
e) Errors on angular scale.

f) Electrical asymmetry in input circuit.

g) Erroneous minimum detection.

h) Field disturbances in arriving waves.

i) Inaccurate calculations.

The receivers are specified for 4 20 9%, accuracy
by field strength measurements, but + 59
for voltage measurements. By these relative voltage
measurements within few seconds of time the
accuracy is probably better, but to find the limit
values we put maximum error in the ratio K due
to a) equal to

AK, = 10%

In addition b) and c) are mvolved. By taking
the mean value of the readings with the aerial
turned 180°, less than 5 9, error will occur. This
gives

AR ~ 13%

The same procedure of mean readings reduces

even e—g, so the total angular error does not
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Fig. 3.5. Nomographs for analysis and check of wave tilt measurements.
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exceed 0,8° even when the angle of minimum indu-
ced voltage could diverge 1° in the two opposite,
positions owing to f) and g).

The field disturbances caused by uneven ground
and large obstructions near the measuring site,
cannot be calculated. From just
behind large buildings or on steep hills the result
is obviously not valid for evaluation of ground
constants [27], but by careful selection of plane,
open sites for about 2/2 to each side in the direction
of propagation, no detectable error is introduced.

As the exact formulae for calculation of ¢ and o
are somewhat complicated, nomographs were
used, and about 2 9, error could be introduced by
this. By reproducing all measurements 3—4 times
and calculating the mean value, the maximum
errors are reduced to

AK ~13/V3~89,

A0 ~0.5°
The effect of these errors on & and o is shown
in Fig. (3.6).

With regard to studies of stratification, o will
be given with approximately the same limit of
error as K, or somewhat greater because of point d).
We may take account for this by adding 2 %, and
obtain by three measurements

1342 )
M w T =9%

When ¢ is calculated from K and ¢, the errors
depend upon the magnitude of K/, and Ag' is
approximately 17 %, for small values of K/o'.
For large ratios the error will be too great to give
any reliable value of ¢, and equation (3.02), shown
in Fig. (3.5 A), will give much higher accuracy, at
least for tilt-angles greater than 2°.

Geof. Publ.

The measuring equipment in its original form
will not give reliable values of ¢ for 6<2°. This
is the main reason why the improvements men-
tioned in chapter 3.1 were introduced for further
stratification studies.

K
2107

41-,0 [+

/

1072

=100
=5

&
3

2 20 o

eD
Fig. 3.6. Limits of resulting error by the wave tilt mea-

surements.

A) 0<2°¢ cannot be evaluated, but is of minor import-
ance, o is derived from equation (3 08), AGpas = 16 %.
B) 6>2°. K large. No simplified formula exists. The
nomograph gives a rough approximation of & for small 6,
and up to 10 % accuracy by mncreasing 0. o is to a large
extent determined by 6, the accuracy increases from 25
t0 10 % by increasing 6.
C) 6> 25, K small. ¢ is determmed by 0 only, with
about 10 % accuracy. ¢ depends upon both K and 0,
maximum error increases from about 10 % by large 0
and K, up to 50 % by small values of § and K.

4.0 A SHORT REVIEW OF MEASUREMENTS
IN OTHER COUNTRIES

Theinfluence of a finitely conducting ground upon
radio waves was explained in detail more than 50
years ago by Hack, Zenneck and Sommerfeld,
but very little was published about the actual
values of the ground constants at radio frequencies
until 1925 [12]. After that time, however, a large
number of measurements have been carried out

all over the world. Most of the reports from these
measurements describe different measuring met-
hods and present values of & and o for certain
areas [13, 15, 16, 19, 21, 22, 23, 25, 26].

The purpose of these radio-geological explora-
tions has not only been to give basic information
for constructors of radio stations, but also to find
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new methods for geophysical investigations, for
instance for ore- and oil-seeking [18].

The physical nature of ground conductivity is
even today not fully explained, but the most im-
portant causes of variation in ¢ and ¢ have been
found by experiments. The influence of tempera-
ture and humidity was studied by Ratcliffe and
‘White [14] and Smith-Rose [17] in the beginning
of the 1930’s, and later by Frood and Sharf, in
1954 [24]. The influence of stratification was de-
monstrated by Grosskopf and Vogt [1] during the
last world war.

4.1 Correlation with geology, and variations
in effective ground constants.

There seems to be a certain correlation between
ground conductivity and geology. Thus most
maps and tables of ground constants are arranged
in accordance with geological observations. Owing
to this a table of expected ground constants in
Norway is arranged in table IV, chapter 7.

The different values of o vary from approxi-
mately 5 mho/m for sea water down to 10—* for
dry sand and granite rocks. The dielectric con-
stant seems to vary in a similar manner to ¢ but
only between 100 and 2 for frequencies where &
is of any importance compared with X.
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The main reasons why the o and ¢ values vary
within areas with approximately uniform ground
are:

a) Increasing moisture content in the soil causes
a large increase in both ¢ and e.
b) o and & seem to vary very little with tempera-
ture above + 5°C, but the values of both
drop radically from + 5 to — 1° C, and ther-
mic hysteresis is observed around the freezing
point.
The dielectric constant of geological semi-
conductors increases appreciably when the
frequency decreases below 100 kc/s. Above this
frequency, however, only small variations occur
in both & and o, but it is possible that ¢ will
increase at frequencies far above 10 Mc/s.
Stratification in the earth has great influence
on the effective ground constants.

c)

d

Radio-geological mapping is only possible be-
cause of the large depth of penetration of radio
waves compared with the penetration of signifi-
cant humidity- and temperature variations. At
frequencies above 10 Mc/s seasonal variations may
be of importance, and above 100 Mc/s even diurnal
variations may be so large that such mapping is
without any value because the depth of penetra-
tion in wet soil is so small.

5.0 MEASUREMENTS IN SOUTHERN NORWAY

The field measurements were carried out on
expeditions for 3 to 4 weeks each to different parts
of Southern Norway. A survey of these expeditions
is presented in Table I and a map is given in Fig.
(5.1). Before each departure districts of special
interest were selected on detailed geological maps
from Norges Geologiske Undersgkelse (NGU), and
upon the arrival in these districts, suitable mea-
suring sites were found by inspection. The trans-
mitter was erected where clectric power was avail-
able, and the measuring equipment was carried to
a number of different sites in the vicinity.

Measurements were carried out on the frequency
2.5 Mc/s at all sites and 0,218 Mc/s as far as Klpfta
broadcasting station could be received. For further
stratification studies 8—10 Mc/s were used, espe-
cially in districts with sand and gravel deposits.

Since bare rocks are very common in most of
Norway, it is convenient to divide the measure-
ments into two groups according to the ground:

a) Rocky ground,
b) Clay, sand and gravel.

The first group includes districts with thin layers
of soil or gravel upon the rocks. In the lowland
these areas are often covered with forests, and the
surface is very rough. It is then difficult to find
suitablesites for measurements, but special measure-
ments have shown that sparse vegetation does not
introduce measurable disturbances in the surface
wave. Thick forest of large trees seems to give larger
tilt angles and thereby lower effective conduc-
tivity.
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Table 1. C) hst of ing expedi
Date | Districts Types of ground studied Remarks
i |
|
20.3 Helgeroa—T)elling | Syemte, clay, gravel A thin layer of snow
313 | Sandar |
154 Asker, Hurum, Jeloy | Limestone, gramte, essexite, sand ‘ Variable weather
~294 | Rygge, Mysen, Trogstad and clay, gneiss 1o snow
255 | Bamble, Langesund Gueiss, himestone, gramte, arendalite, | Partly dry weather
106 | Risor, Fie, Nykirke | rhombporphyry
2.8 Vang, Romedal, Jomna, Haslemo, Clays, sand and gravel and Very dry except the
~118 | Grue, Vormsund, Hauerseter, Jess- | some gneiss | last days
heim, Klofta
279 Gudbrandsdal, Sandstone, gravel, clay | Gool and wet
-3.10 | Trondheim | weather

The second group consists of areas with thick
layers of clay, sand or gravel, and some peat and
heath is included. In these districts ideal measuring
sites are found without difficulty.

5.1 Investigations in rocky terrain.

Within the rocky terrain measurements were
made, as far as possible, on plane, even sites with
little or no vegetation. Some examples are shown
in Fig. (5.2). The ¢ and & values measured are
plotted in Fig. (5.3) and (5.4) respectively.

The selection of sites may appear somewhat for-
tuitous. This is because a complete mapping was
found to be impossible within one year, so an
effort was made to correct the German maps [31]
only.

The large scattering which appears even within
areas of the same type, is supposed first of all to
have been introduced by the different water con-
tent in the upper layers partly because of changes
in the state of disintegration. The granites appear
most homogeneous, with a very low conductivity
and low dielectric constant. The arendalite at the
south coast, however, seems to be better conduc-
ting, similar to the gneisses of the Bamble Form-
ation. The gneisses could not be classified because
the measurements are too few. The large scattering
in o may partly be due to the fact that no attempt
was made to distinguish between the different
kinds of gneisses.

The variations in ¢ are to some extent corre-
lated to the variations in ¢, but at some places very
large values were derived. This may verify the

Fig. 5.1. A survey of measuring sites in
the Southern Norway.

ption of stratification caused by differing
moisture content in the upper layer even in rocky
ground.
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Fig. 5.2, Some examples of measurements in different terrain.
a) Asker, granite rocks. b) Helgeroa, Vestfold, syenitic rocks. c) Sandar, Truck and transmitter at Raet
d) Rygge, typical clay area.

5.2 Clay, sand and gravel.

The o and ¢ values measured in areas with clay,
sand and gravel are plotted in Fig. (5.3) and (5.4)
respectively. From these the following conclusions
may be drawn:

a) These areas are classified as «fairly good» on
the German maps, but it appears from the
measured values that appreciable differences
exist, and that gravel of all kinds is very poor
conducting compared with clay.

b) Clay in formerly submarine areas, which covers
large parts of the Southern Norway, is far bet-
ter conducting than any rocks. Its dielectric
constant is high.

Inland there is clay in glacier and river deposits
too. Measurements in Hedmark indicate that these
are not as good conducting as those in part b).
A similar difference in the conductivity of sand
and gravel above and below the «marine limit» is
not pointed out.

The difference in the conductivity of sand com-
pared with clay is to some extent counteracted in
the lowland sand areas by a sublayer of clay, as
for instance along «Raet» through @stfold and Vest-
fold. Within these areas a number of interesting
cases of extreme stratification could be observed.

It is worth while noting that marine clays will
dominate a site whether it lies as a subsoil under
meters of sand or gravel or as a thin layer upon
poor conducting rocks. This is easily explained by
the great difference in penetration of radio waves
into the different media. Three illustrating examp-
les are shown in Fig. (5.5) and Table II.

Sand or gravel in glacier and river deposits which
commonly occurs in Norwegian valleys and which
is typical at our country drill grounds, shows
extremely low values of ¢ and e.

The measurements at Grue where higher values
were derived, were carried out on the wet banks
of the river Glomma, shown in Fig. (5.5).
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Fig. 5.3. Plots of effective conductivity measured within
fairly uniform areas of different ground.

On large wet bogs near Grue very high conduc-
tivity was measured together with an effective
dielectric constant near 100 at 2.5 Mc/s and about
35 at 8 Mc/s.

5.3 Conclusion.
During the wave-tilt measurements in 1955
large variations in both o and & were found within

rocky terrain as well as in clay and gravel districts.
The local variations are supposed to be due to

Fig. 5.4. Plots of effective dielectric constant measured
within fairly uniform areas of different ground.
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at Grue, Hurum, Tjolling and Rygge.

P
a) Grue: On the wet banks of Glomma, fine sand. b) Hurum' A 100 m wide clay zone between granite rocks.

<) Tielling: A clay layer covered with sand between rocks of larvikit

yenite. d) Rygge: In the outskurts of

Raet, about 1 m of sand and gravel upon marine clay. Gneissic rocks visible 300 m apart.

Table 1I. Some measurements made on the sites shown in Fig. (5.5), sec also Fig. (5.3) and Fig. (5.4) for comparison.

Fig. [ I £of L
55 1 Mcs | | deg 1 appx. |mmho/m Remarks
a 25 | 02 1 o 3 | A moderate conductivity even in very wet sand.
— R — 1 — -~ B —
s | 28 015 | 26 | oz 49 | fThe poorly conducting granite gives high c, but low
0218 | 006 | 15 | 240 1.7 | \ou at the lowest frequency only
25 0.085 55 | —47 | 18 018 typical for clay ey < 0 due to the gravel.
© | oms | oo p o0 | 17 The rocks are indicated by very high ¢y, but a, re-
- - | remams large.
. T
a 25 0.08 ‘ a7 | | 22 ey < 0 due to the sand.
0218 | 003 30 555 | 12 6, ¢ due to the rocky subground, o, remains large.
! A tf 8!

different water content in the upper layer of the
soil.

In spite of these variations it scems reasonable
to believe in a correlation between electrical
ground constants and geology. The median values
for the rocky districts are in accordance with the

German classification, but with regard to sand,
gravel and clay areas this classification is not
reasonable.

In Table IV, in the last chapter, a revised classi-
fication is shown together with medians of mea-
sured ground constants.
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6.0 SPECIAL INVESTIGATIONS

Some investigations were performed in order to
study the effect of ice on fresh water, seasonal
variations in ¢ and ¢ in a clay area and the possi-
bility of directional attenuation of surface waves
over anisotropic ground at Bamble.

Investigations of this kind ordinarily require a
more accurate measuring equipment and much
more time, but as the result, qualitatively, was
found to be in good agreement with the theory
outlined before, some details will be presented.

6.1 Stratification studies.

An ice covered lake was expected to yield an
idealized case of horizontal stratification, thus
testing of the measuring equipment as well as the
theory could be carried out. In addition the result
would give useful information about the effect of
snow and ice in the ground.

Smith-Rose [17] has shown before that 4" of
ice could not be detected by wave tilt measure-
ments at frequencies below 10 Mc/s, so a lake with

very thick ice and deep water was searched out.
The northern part of Randsfjorden was found to
fulfil both requirements, and measurements were
performed near Odnes on March 1 to 3, 1955. The
air temperature varied between —10 and —5° C.
The transmitter was erected on the shore, and
the measuring equipment situated 900 m apart at
two different sites in the middle of the lake:

a) On0.46 mice + 0,1 m snow upon 40 m of water,

b) On a 10 m wide cleared road straight out from
the transmitter, on 0,8m ice and 30m of
water.

Klgfta broadcasting station was received and
used for measurements on 0,218 Mc/s, though this
transmitter was situated in the opposite direction
to our own.

The resulting ¢ and ¢ values are plotted in Fig.
6.1). g is calculated from K/g as shown in chapter
3.2. The centre of each circle is chosen from the
best of three measurements according to the con-
trol &, but all three measurements are covered by

% o on80cm ice
® on46cm ice
— 02 r
=071 o
.
002 f—»
T et et ———+ 4 + t
a 1 Mchs 10 ot 1 Mc/s 10

Fig. 6.1. Measurements of wave tilt on an ice covered lake. (Rands{jord 1955).
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Fig, 6.2, Field strength measurements on Randsfjord, f = 11,1 Mc/s.

the circle. The «0» curve is calculated for homo-
geneous ground with & = 90 and ¢, = 1,8
mmho/m. This is a little higher than expected for
fresh water, but these values suit best in the low
frequency range.

It is obvious that the ice introduces appreciable
changes in both ¢ and ¢ at frequencies above 2
Mc/s. For further comparison with the theory
three additional curves are drawn in accordance
with equation (2.21) for a surface layer with &, = 4,
X,{ & and the thickness Z = 20, 40 and 80 cm
respectively [20].

It is seen that the ice thickness at point a) does
not fit perfectly, this may be due to faulty
measurement of the ice or because the snow was
neglected, anyhow the variation in ¢ and ¢ with
increasing frequency is convincing.

Just after the wave tilt measurements a field
strength profile was measured in a straight line
from the transmitter through point a) on the
frequency 11,1 Mc/s. A very high accuracy was
obtained by keeping the receiver continually run-
ning while it was transported on a tobbogan. All
the measurements were repeated on the return.
The field strength values are plotted in Fig. (6.2).
The curve through the plots in Fig. (6.2) is cal-
culated by means of Norton’s field strength cur-
ves [7] where the numerical distance , b is derived

from equation (2.06) after extrapolation of a curve
through the measured ¢ and ¢ values plotted in Fig.
(6.1). The intersecting curve yields fresh water only.

The connection between wave-tilt and field
strength attenuation is in good agreement with
the theory. For further investigation of Wait’s
attenuation curves for extreme stratification,
higher frequencies should be employed.

For evaluation of the ¢ and ¢ curves, see the
Appendix.

It is almost a paradox that the pronounced in-
crease in ¢’ through the short wave region, though
entirely due to the poor conductivity of the upper
layer, causes a remarkable increase in the effective
conductivity. At short distance from the trans-
mitter this leads to a reduced attenuation of the
surface waves, but since ¢’ also increases, the long
range attenuation will increase.

6.2 Seasonal variations.

As mentioned in chapter 4.2, both ¢ and ¢ are
subject to changes with variation in the moisture
content and temperature of the soil. The effective
ground constants, however, are expected to remain
fairly constant.

In order to study the actual changes in effective
ground constants during periods of extremely
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Thg. 6.3. Seasonal variations in wave tilt observed at Kjeller airport 1955.

different weather, 3 series of measurements were

performed at Kjeller airport in 1955:

a) February 22—23, dry air, 1 foot of snow,
ground frozen, air temperature —5 to —10° C
in the day, —30° C at night for more than one
week before the measurements.

May 13—16, no snow or ice, very wet ground
after heavy rain, + 10° C.

July 2628, dry air, very dry earth surface
after weeks without raining, shade tempera-
ture + 30° C.

The measurements were carried out at frequ-

encies between 10 and 1.75 Mc/s, and additional

=

c
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Tig. 6.4. Effective ground constants according to Fig. 6.3

(Kjeller 1955).

measurements were performed on the frequency
of Klgita, 0,218 Mc/s.

The terrain was ideal for wave tilt measure-
ments, being a flat clay area covered with short
grass only and ordinarily with a very wet ground.
The results of the measurements are presented in
Fig. (6.3) showing ¢’ and ¢/, the latter being cal-
culated from K/o'.

From the usual analysis the effective ground
constants plotted in Fig. (6.4) are derived. o, is
clearly almost independent of weather changes as
well as of frequency variations. e, on the other hand
is negative for frequencies below 2 Mc/s in all
cases, fairly constant for frequencies above 4 mc/s,
but does indeed vary according to weather changes.

The effect of the corresponding variations in
surface wave attenuation is demonstrated in
Fig. (6.6).

The variations may to a large extent be explai-
ned by means of the stratification theory. For this
purpose we introduce a simplified model and as-
sume an infinitely deep sub-ground of high con-
ductivity (2) upon which an upper layer (1) is form-
ed by frost in the winter and drought in the sum-
mer. For further simplification we assume the
ground to be homogeneous in the spring b) with
o = 0, = 13 mmho/m and ¢, = & = 50. This
gives the «» curves in Fig. (6.5) calculated by
equation (2.04).
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Fig. 6.5. Frequency variations in g, p and M, y for a
good conducting subground covered with a poor conduc-
ting surface layer.

If a surface layer exists upon this sub-ground,
with the thickness Z, o; = 0,/10 and & = &,/10,
we obtain from chapter 2.2 a correction factor

|M|eiv = tanh (a + 1, 2) (2.18)

where

(2.22)

&y

gives a = tanh10.3¢ ~ 0.345, and from equation
(2.08):
wZ =Y+ Z ~jy,)er—12
~ (2091072 fiyy V&1 —1X Zin (6.01)
Consequently (@ + #,Z) may be calculated for

different f and Z, and the correction factor is
found. The wave tilt is then easily derived from:

0P~ |M|gye! @yt ¥ (2.21)

The last expression is plotted against frequency
in Fig. (6.5) together with magnitude and phase
of the correction factor for Z = 20 and 40 cm.

If we now take a look at Fig. (2.3), we find that
for ¢ around 0,1 a slight increase in ¢ combined
with a large increase in ¢ will give just the con-
stancy in ¢ and the large variations in & which
were shown by the measurements. By further
comparison between Fig. (6.5) and Fig. (6.3) it
seems obvious that an explanation of the seasonal
variations has been found. The most significant
discrepancy occurs in the low frequency range
where the measurements indicate an additional
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boundary surface in the ground, as the ¢ value
for an homogeneous substratuum would follow the
dotted curve in Fig. (6.3) and never exceed 45 de-
grees. This has nothing to do with the seasonal
variations, however, and the calculated stratifi-
cation curves are simply superimposed on even
curves through the spring measurements to
demonstrate the tendency of variation in Fig. (6.3).

Of course this simple model did not explain every
detail in the variations, and it is not reasonable to
believe that the upper layer is homogeneous in the
summer, because the variation in humidity should
rather be exponential. It is, however, interesting
to note that a reduction in the water content is
of far greater importance than an increase in tem-
perature, in as far as the latter alone would give
just the opposite result.

7 1= 10Mc/s

iR
13
Az
44 Spring b=60%
Winter b=50°
Summer =30 _4‘;
10 Jice
2000 5000 0000'm

e
Fig. 6.6. The effect of seasonal variations upon field
strength at f = 10 Mc/s (Kjeller).

4 —

6.3 Directional attenuation at Bamble?

The Bamble formation exhibits a number of
different pre-Cambrian rocks, amphibolites, gra-
nites, granitic gneisses and several quartzitic
rocks, which all form bands from a few millime-
ters up to several meters wide with a SW—NE
strike. Since the dark amphibolites are far better
conducting than the light quartzitic rocks, it was
expected that the attenuation of surface waves
would be greater in a direction perpendicular to
the strike than parallel to it.
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Tig. 6.7. The ficld strength measuring equipment in an
area of banded gneiss at Feset (point 1300mNE).

One week was spent on investigations of the
Bamble formation during the summer 1955. On
the first three days wave tilt measurements were
performed at Riis, and the last days were spent on
field strength measurements around Feset.

Geof. Publ.

For the field strength measurements the trans-
mitter was erected in a small meadow near Feset.
The field strength was then measured in 5 different
directions, at three sites in each direction, namely
100, 1000 and 2000 m from the transmitter. To
avoid local variations it was measured at three
points 50 m apart on each site except those at
100 m. The measuring equipment was the same
receiver which is used for wave tilt measurements,
equipped with a loop aerial, as shown in Fig. (6.7).
The measurements are plotted in Fig. (6.8).

It is seen that the scattering is great, but the
profiles follow to a large extent the calculated
attenuation curves forgranite (lowest curve) and
banded gneiss (next curve). The latter is calculated
from a mean value of the measurements at Riis.
Two km from the transmitter nohigherfieldstrength
was measured in the SW and NE directions than
in any other. A 300 m long bog in the SW direction
caused appreciably higher field strength at 1000 m.
However, nothing similar is found in the NE direc-
tion, so it seems unreasonable to belive in a more
favourable propagation in this direction because
of the better conductivity in the rocks. For com:
parison a curve is drawn to show calculated atte-
nuation along wet bog areas (top curve).

The only conclusion which may be drawn from
these investigations is that a directional attenu-
ation of ground waves within the anisotropic areas
in the Bamble formation could not be detected by
ordinary field measurements. It is supposed there-
fore that this directional attenuation is of minor

At Riis 3 sites were chosen for wave tilt

ments, (a, b, ¢), which were carried out on 2.5 7 vm s W
Mc/s twice at each site, with the plane of incid 10° ; iw
of the waves parallel to the strike of the rocks and o SE
perpendicular to it, respectively (||, L). ® NE
The result is shown in Table III. It will be noted 4
that no difference in effective ground constants 10 ~
for waves travelling in the different directions .\ I~
could be seen. B 5
E o
Table TII. Ground consiants measured at Riis, Bamble.  10° ‘! ®
f = 2.5 Mcs. P
Site ecff e d
| || mmhom L 2 _—
0 L
a ‘ 18 32 17 31 100 1000 m
b i 19 19 0,83 0,95 Fig. 6.8. Field strength measurements around Feset,
c 22 19 1,1 0,97 Telemark. f = 2,5 Mc/s.
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importance compared with the ordinary ground
wave attenuation and the local field disturbances.

1t will perhaps be possible to continue the inves-
tigations by measuring the complete wadiation
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pattern» of a vertical aerial erected at different
sites within these districts, but an airplane should
be used for the measurements, and it is expected
that this will be rather expensive.

7.0 THE GROUND CONDUCTIVITY MAP

The purpose of the measurements described was
primarily to work out a map of electrical ground
constants in Norway. However, no map could be
drawn upon the actual measurements only, but
by additional study of geological maps, the Ger-
man military maps and data from measurements
in other countries it has been possible to present
table IV and the map shown in Fig. (7.1).

The map is to a large extent-a reproduction of
«Geologisk oversigtskart over Det Sydlige Norge,
from 1915. With regard to the rocks a better map
was edited in 1953 by Holtedahl and Dons. The
old map was chosen because of its presentation of
Quaternary deposits and because further details
within the gneiss and granite areas could not be
utilised. According to small detailed maps from
NGU the districts of Quaternary deposits were
divided into clay and sand areas. The granite near
Oslo was separated from the group of Permian
intrusive rocks because of its poor conductivity.
Moreover the classification within the Oslo field
was simplified by taking account of the electrical
similarity of the syenitic, and syendioritic plutonic
rocks and the corresponding Permian supra-
crustal rocks.

Norwegian geology is extremely complicated,
and a correct geological map would require a scale
near 1°1. Thus even when the original map was
drawn, great simplifications had to be introduced.
Neither is Norway fully explored geologically at
this moment, so significant clay and sand areas
may have escaped our notice. Consequently the
map is nothing but a survey, and great care should
be taken by using it for classification of small
areas. For the latter purpose Table IV is supposed
to give more useful information, especially in con-
nection with detailed maps from NGU.

It is obvious both from the measurements at
Kjeller and at Randsfjorden that ice in the ground
will introduce appreciable changes in the effec-
tive ground constants for frequencies above a
certain limit, though this effect will be less pro-
nounced in areas with a poor conducting soil. A
similar effect is expected to rise when the ground
is covered by snow. As far as snows may be regar-
ded a dielectric with relative dielectric constant
around 1.5, and, at least for dry snow, a vanish-
ingly small conductivity, the expression for M
in chapter 6.2 shows, however, that no measurable
changes in the effective ground constants may be
expected at frequencies below 10 Mc/s. Thus the
measurements performed on the first expedition,
in March, could not be disturbed by the thin layer
of snow still remaining on the ground, as shown in
Fig. (5.2). But equation (6.01) indicates the possi-
bility of an increase in the ground wave attenu-
ation in the VHF-range during the winter.
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Fig. 7.1, A ground conductivity map of Southern Norway. Symbols are shown m Table IV.
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Table 1V. Effectwe ground constants tn Norwegian terrain.

The relative dielectric constant is presented. The conductivity is given in mmho/m = 1073 mho/m = 10~ emu.

The numbers in brackets are very uncertain. Areas with marked stratification are not included. The following classi-

fication is employed. E = Extremely-, V = Very-, g = good, p = poor. The classification was originally worked

out with a view to propagation of vertically polarized radio waves. Letters in brackets have not been verified by mea-
surements in Norway.

‘ Assnmcdlvniues l Measurej values ’ Chssii?cution S
whe ol v ° Sym
eor 9y o | 0w | e ' oy | — | —
Sea water .......... st | so00 | — [ | - | — } (Bg i Eg) i
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Labradorite ... .... — ! — | = _ ‘ - | _ ® » IR
Crystalline schist . .. 15 : 3 ! - — — I — ® ) (m
Sparagmitic sandstone 10 ‘ 1 } - ‘ — (10) | » v |
Gneiss . .. 10--15 ! 01 l 15 0,1 12 i w | vp ' ? 1
Arendalite . ........ I - | - — 12 08 | Vvp P
Granite .........ens 6 mi o1 | 12 012 10 ‘ 0,15 i vp »
Sand ......... ... 5—10] 0,1—1 ![ } 68 ‘\ 2 P Vp
Gravel ... ......... ; ]( 20 | 0.6 ! 68 1 06 ] p ' vp
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APPENDIX

Calculation of ¢’ and ¢’ for a low-loss
ice-layer upon fresh water.

Reference should be made to Fig. (6.1) and Fig.
6.2).

Trom &' = ¢,-7X = 90 — j 1.8 10-3/we, the «0»
curves are easily derived from equation (2.04), or,
since 5'2 »1, from:

0Py =1/ ¢, (211)

On taking account of the upper layer (7), the

other curves are calculated by means of the correc-

tion factor M. Here ¢; ~ 4-j0 throughout the

frequency range in question, and

sV eale—1)/e

yields constant magnitude and vanishing phase
angle for frequencies above 1 Mc/s, thus

5 ~ |/90-3/16 — 4.1 and

a = tanh-1 (1/4.11) = 0.25

(2.15)
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In a similar manner the propagation constant
uy is derived:

wy ~vjo Ve,V e—1 ~j3.6310-%/ (2.08)
and the correction factor is calculated from:

(2.18)
M = M| = 4,11 tanh (0.25 + {3.6310 - fz)

Now, both magnitude and phase of M are plot-
ted against frequency allowing ¢' and ¢ to be
derived by graphical superposition according to

¢er = Moy e, * ¥, (@21)
when a logarithmic scale is employed for |M| and
a linear scale for ¢ in the graphs.

Note that for higher frequencies the increasing
imaginary term of (a + #,Z) will cause oscillatory
changes in M. These variations are analogue to
the well known interference phenomena observed
by reflection of light from composed dielectric
surfaces, demonstrated by Newton’s fringes, anti-
reflex films etc.
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