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SEASONAL EFFECTS ON GROUND-WAVE PROPAGATION
IN COLD REGIONS

By Ake BromquisT

(Forsvarets Forskningsanstalt, S-104 50 Stockholm 8o, Sweden)

Apstract. The ground-wave is the most important mode of propagation of radio waves in connection
with glaciology. In cold regions, special conditions are often prevalent, involving propagation over non-
homogeneous earth, presence of stratified media, and low values of conductivity and dielectric constant in
the upper strata.

A radio wave which propagates along the Earth’s surface is, however, also influenced by atmospheric
refraction. As the frequency is increased, the roughness of the Earth’s surface must also be taken into account,
Thus seasonal variations are to be expected due to changes in the clectrical and topographical properties
of the ground as well as the propagation conditions in the atmosphere. It is, however, difficult to separate
these various effects, a fact which reduces the possibility of using ground-wave propagation as a tool for
obtaining information on the properties of the ground.

Though the propagation of the ground-wave has been dealt with both theoretically and experimentally
for almost a century, some of the most valuable information of major importance in cold regions has been
obtained during the last ten years. New theoretical papers on propagation over stratified media offer an
explanation of the amplitude and phase variations of the ground-wave field, which have been measured, as
well as suggesting new methods to be tested as possible aids in solving glaciological problems.

In many practical cases of ground-wave propagation in arctic regions, the formula for the ground-wave
field strength can be written in a very simple way. Such a propagation model for frequencies above 30 MHz
is presented in which account is taken of the Earth’s eurvature, the terrain irregularities, and the effect of the
tropospheric refraction. This model also includes the recovery effect which occurs in propagation over
mixed paths. At the higher frequencies the effect of depolarization becomes very important and sometimes
overshadows field-strength variations due to the influence of the electrical properties. Finally some problems
will be discussed which remain to be solved or have been given very little attention up to now.

REsuME.  Effets des saisons sur la propagation des ondes au sol dans les zones froides. Les ondes terrestres sont
le plus important mode de propagation des ondes radio en rapport avec la glaciologie. Dans les régions
froides des conditions spéciales sont souvent prédominantes, parmi lesquelles une propagation sur une
terre non homogéne, la présence de milieux stratifiés et des basses valeurs de la conductivité et de la constante
diélectrique dans la strate supéricure.

Une onde radio qui se propage le long de la surface terrestre est aussi, cependant, influencée par la
réfraction atmosphérique. Si la fréquence augmente il faut aussi prendre en compte la rugosité de la surface
de la terre, Il faut donc s’attendre & des variations saisonniéres en raison des changements dans les propriétés
électriques et topographiques du sol aussi bien que dans les conditions de propagation dans I'atmosphére.
Il est cependant difficile de séparer ces divers effets, ce qui réduit la possibilité d’utiliser la propagation des
ondes au sol comme un moyen d’obtenir des informations sur les propriétés du sol.

Bien que la propagation des ondes au sol ait été maitrisée 2 la fois sur les plans théorique et expérimental
depuis presque un siécle, quelques unes des plus précieuses informations de la plus grande importance dans
les régions froides n'ont été obtenues qu’au cours des dix derniéres années. De nouveaux articles théoriques
sur la propagation dans des milieux stratifiés offrent une explication des variations de phase et d’amplitude
du champ des ondes au sol, qui ont été mesurées, ainsi que des suggestions pour essayer de nouvelles méthodes
comme des aides possibles en vue de la solution de problémes glaciologiques.

Dans beaucoup de cas pratiques de propagation au sol, dans les régions arctiques, la formule donnant la
résistance au champ des ondes au sol peut s'écrire de maniére trés simple. On présente un tel modéle de
propagation pour les fréquences au dessus de 30 MHz, dans lequel on tient compte de la courbure de la
terre, des irrégularités du terrain, et des effets de la réfraction sur la troposphére. Ce modéle inclut également
’effet de recouvrement qui se produit en cas de propagation par des chemins mixtes. Aux plus hautes
fréquences, les effets de la dépolarisation deviennent trés importants et couvrent parfois les variations de
résistance du champ dues 4 'influence des propriétés électriques. Enfin, on discutera quelques problémes
qui restent a résoudre ou auxquels on n’a prété jusqu'ici qu’une trés faible attention.

ZUSAMMENFASSUNG. Jahreszeitliche Einfliisse auf die Ausbreitung von Bodenwellen in Kaltregionen. Die Bodenwelle
ist die wichtigste Form der Ausbreitung fiir glaziologische Studien. In Kaltregionen herrschen oft besondere
Bedingungen, wie Ausbreitung iiber nicht-homogenes Erdreich, Vorhandensein geschichteter Medien und
niedrige Werte der Konduktivitiat und der Dielektrizititskonstante im oberen Bereich des Untergrundes.

Eine elektromagnetische Welle, die sich lings der Erdoberfliche ausbreitet, wird ausserdem durch die
atmosphirische Refraktion beeinflusst. Mit wachsender Frequenz muss auch die Rauhigkeit der Erdober-
fliche beriicksichtigt werden. Die zu erwartenden jahreszeitlichen Schwankungen rithren deshalb sowohl von
Anderungen in den elektrischen und topographischen Eigenschaften des Bodens als auch von den Ausbreit-
ungsbedingungen in der Atmosphire her. Freilich ist es schwer, diese verschiedenen Einfliisse zu trennen,
eine Tatsache, welche die Méglichkeit, Bodenwellen als Mittel zur Gewinnung von Informationen tiber die
Bodeneigenschaften heranzuziehen, einschrinkt.
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Obwohl die Ausbreitung von Bodenwellen sowohl theoretisch wie experimentell fast schon ein Jahr-
hundert lang untersucht wird, ergaben sich einige der bedeutsamsten Informationen von grosserer Bedeutung
fir Kaltgebiete erst in den letzten 10 Jahren. Neue theoretische Arbeiten zur Ausbreitung iiber geschichteten
Medien bieten eine Erklirung fiir die Amplituden- und Phasenschwankungen des Bodenwellenfeldes, die
gemessen wurden; ebenso fithren sie zu neuen Methoden, deren Brauchbarkeit zur Lésung glaziologischer
Probleme gepriift werden muss.

In vielen praktischen Fillen der Bodenwellenausbreitung in arktischen Gebieten lisst sich die Formel
fiir die Feldstirke der Bodenwelle schr vereinfachen. Ein derartiges Ausbreitungsmodell fiir Frequenzen
iiber 30 MHz wird vorgelegt werden ; es beriicksichtigt die Erdkriitmmung, Unregelmiissigkeiten des Gelindes
und den Effekt der troposphiirischen Refraktion. Ausserdem schliesst es den “Erholungseffekt’” mit ein,
der bei der Ausbreitung in Bahnen iiber wechselndem Boden auftritt. Bei hoheren Frequenzen erlangt der
Effekt der Entpolarisierung grosse Bedeutung; manchmal iiberschattet er Feldstirkenschwankungen infolge
des Einflusses der elektrischen Eigenschaften. Schliesslich werden einige Probleme angeschnitten, deren
Lésung noch aussteht oder denen bisher nur sehr geringe Aufmerksamkeit zugewandt worden ist.

INTRODUCTION

The ground-wave is the most important mode of propagation of radio waves in connection
with glaciology. For the interaction between the medium and the wave the following facts
are often prevalent and of special interest in cold regions:

(1) Propagation over non-homogeneous earth,
(2) Presence of stratified media,
(3) Low wvalues of conductivity and dielectric constant in the upper strata.

A radio wave which propagates along the Earth’s surface is, however, also influenced by
atmospheric refraction. As the frequency is increased, which generally gives higher accuracy
and resolution in remote sensing, this effect becomes more pronounced. At the same time the
roughness of the surface must be taken into account.

The seasonal variations to be encountered are thus due to changes in the electrical and
topographical properties of the ground, as well as in the propagation conditions in the atmos-
phere. Even if it were desirable for interpretation or comprehension to separate these various
effects, it is in practice very difficult to decide what causes the observed effects. Further, in
propagation over non-homogeneous and stratified earth we have to assume that the sections
and layers with different electrical properties are individually homogeneous, which often is
far from true.

Ground-wave propagation has been dealt with theoretically in many important papers for
almost a century. It is not the purpose of this paper to review this progress, nor to give a
thorough treatment of the mathematical solution of the various ground-wave problems. The
intention is here to consider this type of propagation from the engineering point of view and to
emphasize mainly some practical aspects of importance in remote sensing.

MODEL FOR GROUND-WAVE PROPAGATION

In most practical cases of ground-wave propagation in cold regions, the ground-wave
field strength can be expressed by
E = Exf(h) f(hy), (1)
where E; represents the surface wave, f(k;) and f(k,) are height-gain functions.
We begin discussing the conditions for a flat earth and then continue with the influence of
the curvature of the earth. The SI system of units is used throughout the discussion and a
time factor exp (jwt) is assumed.

Basic relations

The fundamental part of the surface-wave field Ej is the attenuation function 4 which is
mathematically very complicated but reveals many interesting properties concerning the
Earth’s surface. The attenuation function is given in almost all text-books on radio-wave
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propagation, but we prefer here to show it graphically (Fig. 1) as a function of the so-called
numerical distance, originally introduced by Sommerfeld (1gog). The numerical distance
depends in turn on the wavelength, the distance between transmitter and receiver, and the
electrical properties of the ground. Slightly simplified and for vertical polarization it is given
by

w = —JﬂTd 2 = |w| elb, (2)
Here d is the distance, A the wavelength and ¢ the normalized surface impedance. (There is a
similar expression for horizontal polarization, which holds for most of the formulas given
throughout the paper.)

£ = ZJraom = |{] o, (3)

0.0 : i ! | | i
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Fig. 1. Attenuation function |A| versus numerical distance |w|. (Norton, 1936; King and Schlak, 1967.)

The surface impedance { is defined as the ratio of the tangential electric field component to
the tangential magnetic field component at the interface between air and ground for a plane
wave. The properties of the ground-wave are fully determined by the surface impedance, so
this is a very useful concept in studying both homogeneous and stratified surfaces.

The two phase angles, b of the numerical distance and a of the surface impedance, are
very important for the behaviour of the surface wave and will be treated seriously in the dis-
cussion to follow. They are related by the expression

2a = b+m[2. (4)
For a homogeneous surface b < 0 and the curves in Figure 1 for b-values from o down to
m/2 are valid. A wave which has such an attenuation with regard to w is often called the

Norton surface wave due to Norton (1936, 1941) who thoroughly investigated the propagation
conditions for a homogeneous Earth and published numerical values of the attenuation

function.
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In his original work Sommerfeld (1909) touches the question whether there is a connection
between the wave propagating along the Earth’s surface and a guided wave. It was not until
almost 50 years later that epoch-making discovery was made in this field. Several investi-
gators studied propagation over a stratified Earth (Barlow and Cullen, 1953; Barlow and
Karbowiak, 1954; Wait, 1953, 1957) and threw light on this problem. Wait (1962[b])
suggested that the total surface wave was composed of the Norton surface wave and, in addi-
tion, a trapped surface wave or Barlow wave, which occurs under special conditions for which
the angle b > o, i.c. over a surface with highly inductive impedance. Such types of surfaces
can exist when an ice layer is above the sea, or snow covers the ground, and are thus very
interesting for propagation in cold regions. In these cases the upper curves of Figure 1 are valid.

The variations shown for these curves, especially for |w| > 5, are due to interference
between the Norton surface wave and the trapped surface wave, which waves have different
phase velocities (King and Schlak, 1967). The discovery of the trapped surface wave enables
us to explain some interesting experimental results, but at the same time this remarkable
behaviour of |A| for b > o is a complicating factor in interpreting results in gencral. We
shall come back to this later.

For large values of |w|, when & is negative, it is seen that 4 varies as (2|w|)~'. This is
also true for not too large positive values of . These facts are evident from a series expansion
of the attenuation function (Wait, 1g62[b]):

I IX3 1X3X5
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Fig. 2. Schematic classification of surface by the phase angles a and b. VP denotes vertical and HP horizontal polarization.
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the whole of which is valid for |w| > 1 and 0o <~ b < 2m. The first term of Equation (5)
represents the trapped surface wave, and for the case —27 < b << 0 the same expression,
Equation (5), applies, except for this first term. The rest of the series corresponds to the
Norton surface wave.

It is thus true that the nature of the attenuation function depends on the sign of the angle b.
For historical reasons, principally this angle has been dealt with in the earlier literature as
the surface impedance concept has been commonly used only in recent years. It might,
however, be more useful to consider the angle a. It characterizes the properties of the surface
more directly while b more or less describes the effect of the polarization of the wave. As
can be seen from Figure 2, cach type of surface lies within a certain interval of a which is the
same for both polarizations. On the other hand the angle b is different for vertical and hori-
zontal polarization.

"The amplitude of the attenuation function has been discussed here. It should be mentioned
that similar effects do occur for the phase of A.

For a homogencous surface the normalized surface impedance 1s

(ex—cos? 'P)?

by=—r— (ba)
at vertical polarization and
{n = (ex—cos? ¥)—# (6b)
at horizontal polarization, where
ex = e—b0jAa, (7)

e is the relative dielectric permittivity, o the conductivity and ¥ the grazing angle. The
phase angles a are then, if we assume grazing incidence,

oA 6oA
?+ arctan —— 3 (8a)
£

1
ay = —— arctan
2

6boAo

i %arctan (8b)
For a perfect dielectric ay = 0, while ay = 7/4 corresponds to a perfect conductor.

The transition from a homogeneous to a horizontally stratified Earth can be accomplished
by multiplying { by a correction factor which accounts for the influence of the substrata.
Wait (1962[b]) defines this factor

Q= /K, (9)

where 2, is the surface impedance of the first layer and &', its intrinsic impedance. . depends
on the thickness of the upper layer and on the electrical parameters of the upper and lower
layers. An analysis of Q for a two-layer surface shows that if the upper layer is electrically
thin and if there is an abrupt change of the intrinsic impedance at the interface, the angle
b assumes positive values, which is not possible in the case of a homogencous surface (Wait,
1962[b]). The limiting case when b = m/2 is obtained for a surface where the upper medium
is a thin dielectric layer and the lower medium is a perfect conductor.

Due to seasonal variations of the electrical properties, the sign of the angle & can thus
change, e.g. when the sea is covered with ice.

Attention should be drawn here to the fact that a corrugated surface may also exhibit
inductive properties, provided that the irregularities are small compared with the free-space
wavelength. ‘This might cause some trouble in measuring the electrical parameters of layered
structures.
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Simplified ground-wave formula

We have now discussed some of the fundamental properties of the attenuation function,
which is included in Equation (1) for the ground-wave field strength. The next step is to find
a formula suitable for the calculation of the field strength.

If the effect of the ground conductivity is neglected, Equation (1) can be written in a very
simple way (Blomquist, 1960). Such a limitation is amply accurate in non-fertile areas at
frequencies above 30 MHz. The conductivity values in Arctic regions are often found to be
as low as 1075 S/m. If we use the propagation factor Ft, which is the actual field strength
relative to its value in free space, the flat-Farth formula can be expressed (in dB)

Fy = 10log , [(Ar+B1)(4r+Br)], (10)
where
h?
By, g = 4—/\;& s (11)
Ae*t, R . _—
Ar, g = m (vertical polarization), (12a)
A
Ap, p = ﬁ (horizontal polarization), (12b)
m T, B

hp and hy are the antenna heights, d the distance, A the wavelength, and ey and e the relative
dielectric permittivitics. The flat-Earth formula is valid well below the first lobe maximum
for distances d <~ 12 % 10% A} with an error of less than 1.5 dB at the distance limit.

The restriction above to low conductivity areas is not too serious. Higher conductivity
values could be accounted for by introducing a correction, which enables us to extend the
use of Equation (10) even to sea-water (private communication in 1974 from L. Ladell).

If the ratio A/A is large, the B-terms in Equation (10) are dominant, which means that
the surface wave, represented by the A-terms, has no importance, and we gain no information
on the ground properties. We find that F degenerates to the well-known approximate
formula

417hThR
Fzgolong. (13)

This height is about h/A = 5 for propagation over water. Above this height there is no
difference between the fields for vertical and horizontal polarization, and Equation (13) is
thus applicable for both polarizations, but, in fact, we are no longer dealing with the actual
ground-wave.

It is very complicated to make a strictly mathematical treatment of the influence of the
Earth’s curvature. Equation (1o) can be extended, however, up to distances where the
diffraction field becomes predominant by applying a curvature correction using only simple
mathematical expressions (Blomquist, 1973). The correction is a function of a normalized
distance X

X = (27 2)} (ka) ¥ (14)
where a is the Earth radius and k& the Earth radius factor, which is 4/ for the standard radio
atmosphere. The effect of the troposphere is thus taken into account in the curvature correc-
tion, assuming a tropospheric model where the refractive index decreases linearly with
increasing height. This is practically true for the lower part of the troposphere.

The curvature correction in dB to be applied to the flat-Earth formula is

Y= —28X (X < 0.53)
(15)
Y = 6.7+ 10log;q X—10.2X (0.53 < X < 2)
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It has, however, been found that the correction can be used for distances up to X = 4.5 with
an error less than 1.5 dB. X = 4.5 corresponds tod = 219 km at A = 10 m and d = 102 km
at A = 1 m, both for ¥ = 4/3. For distances X > 4.5 the effect of tropospheric scatter must
be considered. The correction in Equation (15) can easily be computed by means of a nomo-
gram or a slide-rule. Thus the smooth spherical-Earth propagation factor can simply be
written

B = Bx (16)

G. Millington (private communication in 1974) has suggested a similar procedure con-
cerning the effect of the curvature. His method is based on the flat-Earth formula for d <= 10!
and the diffraction curve for d > 40A%, which is calculated by using one term only. For the
transition region the ficld is represented as a cubic expansion of a distance variable,

The problem of propagation over non-homogeneous Earth is of great complexity. Analyti-
cal studies of such propagation phenomena have been conducted for many years. Of great
importance here are mixed paths including sea ice, sea-water, and snow-covered land.
As regards the problem of calculating the field strength, Millington (1949) has given an
excellent semi-empirical solution, which is accurate enough and very suitable for practical
use. The method assumes that field-strength curves are available or can be calculated for the
different sections of the path, which are assumed to be individually homogenecous. Equation
(10) includes the Millington method for a path consisting of two sections. The subscripts T
and R denote the terminals of a path, which might be over ground with different dielectric
constants. However, the formula given is not valid in the vicinity of the boundary separating
the two sections.

In the case of diffraction by obstacles, Equation (16) for a smooth spherical Earth must
be supplemented by an obstacle correction. We shall use here the diffraction model due to
Epstein and Peterson (1953). This model is chosen for its simplicity and accuracy over very
rough terrain. In it the overall propagation factor Fp (in dB) is calculated as the sum of the
Fresnel-Kirchhofl' diffraction propagation factors for each of the main obstacles along the
path.

We have now considered the two limiting propagation cases where the spherical Earth
can be regarded as smooth and where it can be represented by a number of knife edges. For a
given terrain profile these two cases indicate the low- and high-frequency ends respectively
of the range concerned. To solve the problem of finding a model valid for the whole frequency
range we have to specify a bridge function or a weighting factor in terms of the propagation
factors of these two extreme cases.

An empirical propagation model, denoted Fg, will be introduced, which is based on the
smooth spherical-Earth field £ and the obstacle diffraction field Fgp (Blomquist and Ladell,
1975). These two propagation factors are easy to calculate quite accurately and do not
need complicated computer technique.

The model Fg is the negative square root of the sum of the squares of F'g and Fgp, expressed
in dB,

Fr = —(Fg’+Fgrp*)t (17)
This square-root field is always less than either of the calculated two components, as is seen
in Figure 3. This model has a low-frequency asymptotic value of the propagation factor
equal to £'p and a high-frequency asymptotic value equal to Fgp, which is in accordance with
the assumption.

A very difficult case of stratified Earth to treat appears when the upper layer thickness
varies along the path. Bahar (1972) has considered this problem fundamentally. Though
reciprocity is valid between the transmitting and receiving terminals over such a path, the
surface impedance might not be the same for both directions of propagation. It is, however,
not so easy to test by experiments the validity of such theoretical predictions.
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PROPAGATION FACTOR dB
ILINEAR SCALE)

FREQUENCY MHz (LOGARITHMIC SCALE]
Fig. 3. Sketch of frequency dependence for some propagation models.

DETERMINATION OF THE ELECTRICAL CHARACTERISTICS OF THE EARTH’S SURFACE

The ground constants, the diclectric permittivity, and the conductivity, are all but con-
stant at any one time. They vary markedly from time to time due to changes in the surface
conditions. Measurements of the electrical parameters may thus provide a means by which
interesting information on glaciological media can be achieved.

There are two main methods using the ground-wave for the determination of the ground
constants: the ground-wave attenuation method and the wave-tilt method. Both are based
on the properties of the attenuation function discussed earlicr, and—contrary to direct
measurements on samples, the results of which often are inconclusive as the natural state of the
samples has changed—these radio-wave methods give the effective values as weighted averages
over a volume of Earth, the size of which depends on the frequency and the penetration depth.

Measurements of the ground-wave atlenuation

Measurement of the attenuation with distance along a path makes it possible to deduce
the electrical constants by comparison of the results with propagation curves prepared for
various sets of the two constants. An advantage of this method is that measurements can be
performed continuously for long periods of time over a certain path, or can be made from a
moving vehicle or aircraft thus covering large areas. The method has been used for mapping
the conductivity by means of LF-waves (Broms, 1970).

The ground-wave method is often said to be unsuitable for detailed measurements of the
ground constants over given small areas. This is not quite true. If the frequency is properly
chosen this can be accomplished at least for the dielectric permittivity as will be shown later.
A similar procedure is the measurement of the change of phase with distance. This method
has been found to be a more sensitive means of locating discontinuities in the ground than
that provided by measurement of attenuation.

Wave-tilt method

This is an in situ method rather than a tool to be used in remote sensing technique, but
most of the measurements which have shown variations in the electrical constants, have been
carried out by this method (King, 1968; Blomquist, 1961, 1970; McNeill and Hockstra,
1973). The method is based on the fact that the electric field received from a vertically
polarized transmitting antenna after propagating along the surface of the Earth also has a
horizontal component in the direction of propagation. Thus the field vector is tilted forward.
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In general the vertical and horizontal components of the field are out of phase, thus forming
an elliptically rotating vector in the plane of propagation. The angle between the major axis
of this ellipse and the vertical axis is called the angle of tilt. In the literature the radio wave is
often said to be elliptically polarized in this case, but this is improper as, according to the
definition, an elliptically polarized wave has the rotating field vector in the plane perpendi-
cular to the direction of propagation. The ground constants are determined by the axial
ratio and forward tilt of this ellipse. By means of a rotatable antenna and suitable data
acquisition it is possible to study in detail the variation of the electrical constants during
different weather conditions.

SIZE OF THE “EFFECTIVE VOLUME"

Ground-wave measurements produce values which are averages of the electrical para-
meters over an ‘‘effective volume™. The size of this volume depends on the frequency and
also the type of method used. The extent to which sub-strata influence the effective value of
the ground constants depends on the pentration depth, while it is more difficult to determine
the area along the path over which the measurements are sensitive.

VHF-measurements by means of the wave-tilt method have indicated that the value
obtained is typical of a surface area having the shape of an ellipse, the major axis of which is
coincident with the line joining transmitter and receiver. ‘T'he receiving antenna is assumed
to be at the focus farthest from the transmitter. The sensitive area is thus particularly at the
site of the receiving antenna and somewhat—roughly the wavelength times the diclectric
constant—in the direction of the transmitter (Blomquist, 1960).
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Fig. 4. Penetration depth as a function of frequency. (a) Very dry ground. (b) Fresh water. (c) Average ground. (d) Wet
ground. (e) Sea-waler.
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Using the ground-wave method, account is also taken of the corresponding conditions at
the transmitter site. As the wavelength is increased, these two areas surrounding the antennas
arc thus enlarged and will finally be joined together forming the first Fresnel zone.

The depth of penetration is commonly defined as the depth at which the wave has been
attenuated to e7', i.e. 37% of its value at the surface of the Earth. It depends on the ground
constants and the frequency as is illustrated by the examples in Figure 4. The influence is,
however, decreasing exponentially with depth, which means that the radio wave is most
sensitive to the upper strata.

So by proper choice of the frequency it is possible to obtain results which are averages over
either a small area or a large area of the surface of the Earth. For the VHF-region the follow-
ing expressions can be used as a rough estimate of the size of the ellipse surrounding the
antenna (Blomquist, 1960): major axis = Ae+5) and minor axis = 4.47¢!). Assuming
average ground with € = 15 this yields 204 and 17.3, respectively, and the arca of the
ellipse = 2722,

Thus, the use of very short wavelengths enables us to study the properties of rather small
areas. Considering the dependence on height of the ground-wave, which was discussed in
connection with Equation (10), the increasing area resolution is, on the other hand, restricted
downwards as the value of £/A must be comparatively small in practice.

SOME EXPERIMENTAL RESULTS

Most of the results reported on ground-wave measurements are not relevant to cold
regions, nor do they exhibit seasonal effects. We have therefore only a limited number of
experiments that can reflect the variations expected from the foregoing analysis of the attenua-
tion function.

Figure 5 shows a comparison between measured and calculated propagation factors as a
function of distance for vertical polarization at 40 MHz in slightly irregular terrain. The
transmitter sites were located at distances from 5 to 24 km from the receiver, the antenna
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Fig. 5. Comparison between calculated and measured field during a winter period as a function of distance at g0 MHz in slightly
irregular terrain.
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height of which was 24 m. The antenna height of the transmitter was as low as 1 m. Thus
pertinent information is gained mainly on the Earth conditions in the vicinity of the trans-
mitting antenna. The propagation factor is calculated by the Fp-model, Equation (16), for
three values of the Earth-radius factor k = 1, &k = 4/3, and & = oco. The measurements
were made in northern Sweden during winter, so the meteorological conditions are likely to
be represented by a value of k << 4/, which is in fair agreement with the measured values.
During the measurements, the variations of the relative dielectric permittivity were also
separately studied by the wave-tilt method. Tt was found to vary between 5 and g during the
period concerned. A value e = 7 has been used in the calculations of /. These measurements
give a very good idea of the overall conditions along the path and are very useful for the
concept of transmission loss for example.
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Fig. 6. Average annual variation of dielectric permittivity and field strength at 50 MHz and low vertically polarized antennas.

If we now continue this type of measurements for a long period of time, we obtain infor-
mation on how the ground properties vary with the season. The curve in Figure 6 shows
the annual variation of the ground-wave field strength at 50 MHz, vertical polarization,
in central Sweden. This curve is the average over a period of ten years. The corresponding
value of the dielectric constant € has been determined by means of the Fg-model, Equation
(16). The rapid changes of ¢ in spring and autumn are mainly due to variations in the moisture
content of the upper surface layers. During a rainy summer the minimum of the curve is of
course not so strongly marked.

The situation in winter has been represented by a dashed curve as it is very complicated
and needs further discussion. The values of € for snow and ice are very low, which in general
reduces the resulting effective dielectric constant for the volume over which averaging occurs.
(Compare the example given in Figure 5.) This would indicate another minimum value in
winter for the annual dependence of ¢ in Figure 6. Under special conditions of stratified
Earth, which commonly occur in winter, the behaviour of the winter part of the curve in
Figure 6 might, however, be quite different. This is apparent from Figure 7, which is based
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on long-term measurements at 44 MHz vertical polarization over a very short path. The
depth of snow in winter was less than 20 cm, but its state changed due to temperature varia-
tions both below and above the freezing-point. The measured field strengths have been
hopefully arranged in groups with regard to the moisture content.

Field strength

ground frozen (in winter)
dB

——————— ground not frozen or covered

with snow
s0 T
-
rd
s
P
&
-~
-
e
7
7
40 4
o
/
/
/
g /
/
/
/
p T
1N Dry ! Moist L Very TLargel)‘r ‘:nvefl
moist red with water

Fig. 7. Average influence of moisure content on ground-wave field strength for frozen and unfrozen ground. 44 MHz, vertical
polarization.

When the ground was not frozen or covered with snow, the field strength varied in
accordance with the solid part of the curve in Figure 6. But for the winter case the result is
rather surprising. Having checked the combination of wavelength and distance to the
transmitter, we have found that this result might be explained by the high values of the
attenuation function which can occur when b > o (Iig. 1).

More-or-less frozen snow-covered ground might guide the radio-wave in a way similar to
that in tropospheric duct propagation. So even if the result observed is not a conclusive proof
of the existence of a trapped surface wave, it is a clear indication that a wave of the type fore-
seen by Wait may occur in winter.

It has been stated before that the upper strata are the most important part of the “effective
volume”, This is shown in Figure 8, which gives the correlation between the field strength
of the ground-wave and the temperature at different depths of the ground. These measure-
ments are from a period of one year, with the air-temperature varying between —15°C and
-+30° C. The temperature at the depth of 50 em showed a variation of 17 deg. It is seen that
the correlation is very good close to the surface. The influence of temperature on field
strength is, however, probably indirect. In fact, moisture content is the major factor, but
variation in it is often related to temperature variation.

An example of measurement of the dielectric constant by the wave-tilt method is given in
Figure g, where the conditions at a boundary between clay soil and an asphalt road have
been studied at 44 MHz (Blomquist, 1961). The measured values of angle of tilt # are

https://doi.org/10.3189/50022143000034444 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000034444

SEASONAL EFFECTS ON GROUND-WAVE PROPAGATION 297

44 MHz, vertical polarization
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Fig. 8. Correlation between field strength and temperature at various depths in the ground.

indicated by points. The sudden change in the ground properties gives a jump in the 6 curve.
Near the boundary the value of 6 is determined by the value of each medium is a complicated
way. The fluctuations in the curve for the asphalt road are probably due to inhomogeneities
in the layer below the asphalt. This is an example where detailed measurements have been
performed over a small area. An effect similar to that in Figure g would have occurred if
there had been ice instead of the asphalt layer.
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Fig. g. Measurements of the angle of tilt 0 at a boundary between sections of clay soil and an asphalt road.
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Hoekstra and others (1975) have made measurements of the surface impedance in the
range from VLF up to about 700 kHz in the North American Arctic. They have shown that
extreme local detail in the Earth geology can be mapped by ground-waves. An example of
their study is given in Figure 10. Compare their result with the behaviour of the angle of tilt
in Figure g.

Biggs (1971) has studied propagation over mixed paths for the HF-range in the Arctic
Ocean. He found that the Millington method was valid even if stratified media were involved
in mixed paths and that the propagation irregularitics obtained over such paths provide a
mechanism for identification of sea—ice boundaries.
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Fig. ro. The geological cross-section and the apparenl resistivity measurement on the ground at several frequencies (Hoekstra
and others, 1975).

Another way of studying ground-wave propagation is to simulate experiments using
modelling techniques. This might be an inexpensive but sometimes also a problematic way
of confirming existing theories. In quite a recent paper King and others (1974) have success-
fully investigated ground-wave propagation over cylindrical homogeneous paths and two-
section mixed paths by the use of microwave models. As exemplified in Figure 11 they found
a good agreement between calculated and measured values for propagation over two-section
mixed paths consisting of “Plexiglas (polymethylmethacrylate) and water and metal.
A frequency of 4.765 GHz was used.
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EFFECT OF DEPOLARIZATION

In treating propagation over the surface of the Earth, the depolarization effect must not
be overlooked. This effect might overshadow the influence of the variations of the electrical
parameters, but polarization discrimination might also provide useful information on the
ground properties and aid in understanding of their relationship with various remote-sensing
signatures.
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Fig. r1. Dipole excited ground-wave field versus distance d over two-section cylindrical (experimental) and spherical (theory)
mixed paths composed of ““Plexiglas™ ( polymethylmethacrylate) over water and metal. Frequency = 4.765 GHz, boundary
atdy = goem, by = 1.5cm, and a = 125 cm (King and others, 1974).

Scattering and absorption are the two main mechanisms causing depolarization of ground-
waves. Figure 12 gives the variability with location of the depolarization factor as a function
of frequency for measurements made in various types of terrain with low antennas (less than
10 m) (Blomquist, 1965). The depolarization factor is here defined as the ratio of the ortho-
gonally polarized field component to the originally polarized component. It should be noticed
that for high frequencies and small percentages of locations, the orthogonal component is
larger than the transmitted. There is also a variability in time. In a forest, the field is often
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set up by direct and scattered waves. When the trees move in the wind, a depolarization
fading phenomenon occurs, which amounts to several decibels in amplitude at quite moderate
wind velocities. On the other hand, there is a slow variation due to the fact that the electrical
properties of the ground vary with the season. In interpreting ground-wave field measure-
ments, these rather complicating depolarization phenomena must be kept in mind.
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Fig. 12. Depolarization factor not exceeded for given percentages of locations.

(ON FURTHER INVESTIGATIONS OF THE GROUND-WAVE

In the previous discussion we have found that the use of ground-wave propagation pheno-
mena might be helpful for several diagnostic purposes. We have also pointed out some cases
where problems may arise.

One unfavourable condition, probably the most important, is due to the composite effect
of terrain and atmospheric influences on wave propagation. This makes it difficult to treat
separately the various effects that contribute to the resulting field. To what degree the
ground-wave propagation is affected by other properties than those of the Earth differs from
time to time and is more or less easy to determine. As an example of one extreme it might be
observed that the field strength over a path is considerably increased for a small percentage
of the time. On such occasions the field is probably governed by tropospheric layer propaga-
tion mechanisms and not by ground-wave propagation along the path. The occurrence of
such phenomena varies with the season without the occurrence of any seasonal effect of the
ground-wave.
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To facilitate the interpretation in other less evident cases, it might be worth-while to
analyse the main characteristics of the wave, i.e. the amplitude, the phase, the wavelength,
and the polarization. It is possible but not proved that these characteristics are not all
simultaneously coupled together. It has been shown that vertical and horizontal polarization
may display different properties of the medium. The phase of the wave has only been men-
tioned in passing. This must not be interpreted as implying that a study of it would be un-
important, but it is significant that very little attention has been paid to phase studies in the
literature. Itisclear that a wave propagating along the Earth’s surface suffers phase distortion,
which in turn may reveal interesting information on the interaction between the wave and the
ground, e.g. when a wave crosses boundaries between sections with different electrical
properties.

A further study of the relationship between these different characteristics of the wave
and their possible independence of each other is needed to extend the possibilities of using
ground-waves in electromagnetic probing applications. An interesting approach in this
direction has been given by Wait (1962[a] and in several later papers). He has suggested
that the resulting distortion of pulsed signals be utilized as a diagnostic tool. He has also
consequently studied the propagation mechanism for transient conditions considering some
idealized situations. Among others, Sivaprasad and Stotz (1973) have treated layered media
theoretically. They have determined the reflection of a normally incident pulse from a three-
layered medium, and their calculations indicate that the method may be useful in the detection
of the thickness of ice layers. There seems, however, to be no experimental work which confirms
these theoretical conclusions. Scattering from the roughness or irregularity of the sub-surface is
likely to distort the pulse. So additional investigations are required before it is possible to
decide whether the pulse response of the ground-wave can be used for probing purposes.

It should be observed here that pulse distortion may also occur due to the influence of
the terrain. Multi-path effects may be a limiting factor in many practical cases, especially
in irregular terrain. Propagation over non-uniform layered ground has also to be studied
more thoroughly in the future. Experimental verification of the various theories is insuffi-
cient. And, conversely, the theoretical models used do not take proper account of the real
features and properties of the ground.

Modelling techniques might be interesting for future investigations. In view of their
apparent success in explaining some phenomena, it is, however, easy to neglect the difficulties
in obtaining meaningful laboratory measurements. One principal problem is how to simulate
temporal changes in the refractive index, for example. In this connection it should be men-
tioned that the use of minicomputers might be very helpful in future attempts to improve
models and to explain experimental results.

In addition to propagation formulas it is often useful to have curves. The most compre-
hensive curves on ground-wave propagation are published by the C.C.1.R. {Comité Consultatif
International des Radiocommunications) ; they include frequencies from 10 kHz up to 10 GHz
except for a gap between 10 MHz and g0 MHz. The atlas of curves for frequencies above
30 MHz, is, however, out-of-print and unobtainable. The C.C.LR. intends to prepare new
curves in the near future, when the existing frequency gap will also be filled in. As regards
the curves below 10 MHz, the C.C.I.R. has recently, as a temporary measure pending the
new curves, added some new curves for very low conductivities (Comité Consultatif Inter-
national des Radiocommunications (C.C.I1.R.), 1974). This was to meet a specific need from
people dealing with propagation in cold regions.

CONCLUDING REMARKS

The main objectives have been to present the current state of knowledge concerning theory
and experimental results on ground-wave propagation bearing on matters of glaciological
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interest. Although the propagation of the ground-wave has been dealt with for almost a
century, some of the most valuable information of major importance in cold regions has been
achieved during recent years. The new theoretical work on propagation over stratified Earth
offers an explanation of the variations of the ground-wave field which have been observed,
as well as implying new methods to be tested as possible aids in solving glaciological problems.

The possibility of using characteristic effects of the ground-wave as a diagnostic tool is,
however, limited due to the fact that it is sometimes difficult to separate the composite effects
of various propagation mechanisms which contribute to the resulting field. Further investi-
gations of the mutual independence of the fundamental characteristics of the radio wave
might overcome such difficulties.

Though excellent work has been performed for years, much research remains to be carried
out before a full understanding is obtained of the complicated mechanisms connected with the
interaction between the wave and the surface of the Earth, so an attempt has been made to
suggest some additional investigations as suitable.
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DISCUSSION

R. T. Lowry: You mentioned that ice looked like dry ground; what types of ice were you
referring to, first-year sea ice or fresh-water ice?

A. BLomouisT: When I referred to a set of curves showing the penetration depth for various
types of ground I said that the curve for very dry ground corresponds quite well to the situation
for ice. That curve has been calculated assuming frequency-dependent values of the ground
constants, which are about ¢ = 3 and ¢ = 1074 S/m at 50 MHz, for example. Average
ice has similar values.

W. F. Weeks: Dr Hoekstra of CRREL has attempted to use VLI wave-tilt methods to measure
the thickness of sea ice. However he has encountered severe difficulties because of pronounced
lateral variations in the electrical properties of what would on the surface appear to be
laterally homogeneous ice. Have you any experience in these problems and, if so, would you
care to comment on them?

Bromouist: I have used the wave-tilt method to study the electrical properties mainly of
lake ice and in the VHF region. At these frequencies the volume over which averaging of the
electrical parameters occurs is quite small compared with the situation in the VLF band,
which reduces the possibility of including unexpected variations. As I have no experience
myself of VLF measurements, I can only guess that varying salinity and also varying thickness
of the ice layer might have contributed to the difficulties you mentioned.
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