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Introduction

When Guglielmo Marconi at the turn of the century was working on extending his radio 
propagation ranges, the frequency he used gradually decreased as his antennas increased 
in size. In his successful propagation experiment across the Atlantic on December 12, 
1901, the frequency was stated to be 1200 ft (Marconi, 1901) corresponding to a frequency 
of about 800 kHz. Marconi's significant discovery greatly stimulated interest in radio 
wave propagation and it was soon found that propagation ranges could be considerably 
imporved if still lower frequencies were used. In the years up to the end of the first 
world war many transmitters were erected on both sides of the Atlantic that used 
frequencies between 10 and 30 kHz. This range, the VLF or very low frequency range, is 
still used for radio communication and it is also here that a minimum in signal attenua
tion is encountered.

At this time the existence of the ionosphere had not yet been established. It was 
postulated by Heaviside and Kennely in 1902 as an explanation of Marconi's results.
Other explanations were sought in terms of waves guided by the earth's surface 
(Zenneck, 1907). In 1924 the question of the ionosphere was finally settled in 
experiments carried out independently in England and USA. The shell formed between the 
ionosphere and the earth is frequently referred to as the terrestrial waveguide. The 
principles of guided propagation of microwaves are similar to those of VLF propagation 
in the terrestrial wavegude. However, compared to the highly conducting walls of a guide 
for microwaves the boundaries of the terrestrial waveguide are poor conductors.
Since about 1925 higher frequencies have become more important due to the low data rate 
capabilities of VLF communications and the very costly transmitters. However, continued 
interest in VLF has arisen in recent years. It has become clear that VLF can satisfy 
the demands for highly phase stable long range transmissions needed in global navigation 
and in distribution of time and frequency. VLF radio signals have also been used for 
a few years already in geophysical prospecting. Here their great penetration depth into 
the ground is utilized. Further, VLF is still the only frequency range in which global 
radio communication is feasible during all ionospheric conditions.
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At present about 50 VLF transmitters are in operation. Of these 15 are frequency 
stabilized. This means that their transmitted frequencies are controlled by high perfor
mance oscillators, which today are cesium frequency standards but prior to 1967 were 
quartz crystal oscillators. Only frequency stabilized signals that permit phase measure
ments have been used in the work presented here.
The theoretical understanding of VLF propagation has greatly advanced in recent years 
(Budden, 1961, Wait, 1962). The general VLF field can be written as an infinite sum of 
modes or equivalently as the sum of a groundwave and an infinite number of rays. The 
former representation is preferred at long distances and the latter at short, the 
dividing distance being about 1000 km. A propagation model that has become widly known 
is that of Wait and Spies (1964). It gives information on the two most important modes 
for isotropic ionospheres with two different exponential electron profiles and reflec
tion heights covering both day and night conditions.
A good deal of effort has been spent on calculations that take full account of the 
anisotropy introduced by the earth's magnetic field with arbitrary dip angle (Galejs, 
1967, Pappert, 1968). This work demonstrates the great complexity of VLF mode structure 
in nighttime propagation. Another effect that should be considered is mode conversion. 
There is now ample evidence that when the wave guide properties change along the path 
the modes become coupled. For instance, one mode propagating towards the sunset-sunrise 
terminator gives rise to several modes on the other side of the terminator (Crombie, 
1964, Wait, 1968).

Signals in the VLF range are reflected in the ionospheric D-region at altitudes of 65 
to 75 km by day and 80 to 90 km by night. The reflection levels depend on solar zenith 
angle and latitude and on disturbances in the quiet levels caused by energetic radia
tion, e.g. X-rays or charged particles. The information about the ionosphere that is 
contained in the received signal can be extracted within the frame of some model. Such 
model always rests on a number of simplifying assumptions. However, fundamental to all 
interpretation is that a decrease in the average reflection height results in a phase 
advance of the signal in each particular mode. Since quite often only one mode need to 
be considered, this means that a lowering of the reflection height appears as a phase 
advance on the phase record.
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The ionospheric information concealed in a VLF signal emanates from a limited height 
interval in the D-layer. Using the ionospheric model with an electron density 
exponentially increasing with height, the electron density and its gradient at one 
height can be deduced from the phase and amplitude at one signal frequency.

Normal propagation conditions are defined as propagation over one path in a single mode 
and in a waveguide whose height only varies with the rise and set of a quiet sun. This 
amounts more or less to saying that normal propagation conditions prevail when the 
signal behaviour can be easily understood. Such propagation is typical for middle 
latitude paths 3-10 Mm in length and at signal frequencies between 10 and 15 kHz during 
minimum solar conditions.

Causes of abnormal propagation
Paper 1 gives a review of VLF signal anomalies, their causes or, when these are unknov 
the circumstances under which they are observed. An effect of the last category is the 
equatorial anomaly in propagation. It becomes apparent during sunset and sunrise on 
paths crossing the magnetic equator. However, even if the causes were known the interpre
tation was not simple and straightforward and closer investigations were necessary to 
acquire an understanding of the phenomenon. This was especially the case for phenomena 
related to particle precipitation, for instance polar cap absorption and aurora. In 
papers 2 to 6 some of the phenomena, which give rise to abnormal propagation of VLF 
radio waves,are studied in detail.

a) Polar cap absorption
During some solar flares protons are emitted from the sun which after a propagation 
delay are precipitated into the earth's atmosphere. Their energy is such that they are 
stopped in the atmosphere at D-region heights. The magnetic cut-off limits the precipita
tion to latitudes above about 55 degrees, where it gives rise to polar cap absorption - 
PCA. The name refers to the absorption of cosmic radio noise as detected by riometers.

Paper 2 describes the following sequence of events during a PCA: The responsible flare 
gives rise to a sudden phase anomaly (SPA) on VLF paths in sunlight. 30-80 minutes later 
proton precipitation starts simultaneously within a few minutes over the whole polar cap.
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In some PCAs electrons are also accelerated. They are then expected to arrive at the 
earth before the protons and to be precipitated at higher latitudes only (>80°)
(Hakura, 1967). This hypothesis was confirmed. In some cases were PCAs observed for 
which no suitable flare could be found. These events were attributed to flares on the 
backside of the sum. Flares on the eastern half of the solar disk give rise to PCAs 
with broader maxima than those on the western half. During magnetically quiet times 
the lowest geomagnetic latitude of proton precipitation was about 62 degrees but after 
the start of a magnetic storm effects spread down to 50-55 degrees. Recovery of the 
VLF signal took from 2 to more than 10 days. A relation between proton flux and VLF 
phase advance was found, that permits an estimate of the flux on the basis of VLF 
measurements. Some signals consistently exhibits larger phase advances and attenuations 
than others. These signals were found to be the ones crossing Greenland. An investiga
tion of the influence of the poorly conducting Greenland ice on VLF propagation is the 
subject of paper 6.

b) Mode conversion
Crombie (1964) explained the sunset and sunrise fading frequently observed on VLF 
signals. His explanation requires that one mode propagate in the daytime portion of 
the guide and two modes in the nighttime portion. Conversion between different modes 
takes place at the terminator.
Effects similar to Crombie's were observed on the NPM (26.1 kHz) - Kiruna path in 1966.
The interpretation of the effect, described in paper 3, gave values of the nighttime 
phase velocity difference between the two most important modes and estimates of the 
conversion efficiency.
The mode conversion effect was at this time not understood theoretically, it was, indeed, 
rejected on theoretical grounds (Wait, 1962). The result was therefore a confirmation of 
Crombie's theory which was only one of several theories discussed at this time.

In 1969 the measurements were repeated at a frequency of 23.4 kHz which was then the 
NPM frequency (paper 4). Now, on better theoretical ground, it was possible to investigate 
the agreement between theory and experiment in more detail. The difference between the 
ionosphere just after sunset and just before sunrise was studied, as well as propagation
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and conversion constants and seasonal and longer term variations. The results refer 
to the nighttime ionosphere in the Pacific part of the waveguide between about 20 and 
50 degrees in latitude. This is the interval related to the two deepest amplitude inter
ferences, the propagation conditions in the rest of the waveguide having hardly any 
effect on the results.

c) VLF anomalies at auroral latitudes
Paper 4 discusses also mode conversion at high latitudes. The average reflection height 
for VLF signals is found to be lower in the auroral zone than further south. This is due 
to a continuous precipitation of energetic electrons. During polar magnetic substorms 
electron precipitation increases, giving rise to ionospheric anomalies which cause 
changes in mode conversion conditions. It may under such circumstances be possible to 
detect ionospheric disturbances of relatively small extent (<1000 km) at long distances.

Paper 5 discusses correlation of VLF disturbances with other signs of ionospheric activity 
in Kiruna. The problem was here that correlations can be very poor or even negative at 
times. This is due to the fact that disturbances occurring far away can under certain 
circumstances, still be seen on signals in Kiruna. Another reason is that ionospheric 
observations made in Kiruna are not necessarily related to the activity close to Kiruna 
along a VLF path. However, even when such effects have been eliminated discrepances 
exist.
It is found that large VLF disturbances can occur that are poorly correlated with other
indications of ionospheric activity. The anomalies occur mostly on signals arriving at
Kiruna from the south. The events are observed both day and night and are believed to
be caused by fluxes of electrons with energies above 200 keV. The necessary fluxes are 

- 2 -1quite small (<100 cm s ) and are not always related to significant fluxes at lower 
energies. This explains why ionospheric activity often can not be revealed by other 
methods of observation. Further, the fluxes are so small that they are difficult to 
observe by other methods, for instance balloons.

During magnetic bay-disturbances the electron precipitation occurs as deduced from VLF 
measurements preferably south of the auroral electrojet. The precipitation takes place 
in a narrow latitude zone and the width of the zone depends on the degree of disturbance.
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The precipitation is often delayed relatively to the bay onset. It is interesting to 
note that all the three features above are also typical for micropulsations of class
Pi 1 that are observed during magnetic bays (Hessler et al., 1972).

Support for energetic electrons as producers of VLF anomalies is obtained from observa
tions of recurrent events. The events can be interpreted as being due to bunches of 
electrons drifting around the earth in the geomagnetic field and precipitating as they 
drift. The observed drift periods are in good agreement with the electron energies that 
are necessary for precipitation into the D-region.
VLF anomalies are observed at sudden commencements (SCs). They are confined to auroral
latitudes where they occur simultaneously without longitudinal dependence (within 
3-4 minutes). The primary cause is fluxes of soft electrons.

d) Propagation over a poorly conducting ground
Propagational effects related to the lower boundary of the waveguide are considered in 
paper 6. Moderately low ground conductivities (>1 mmho/m) influence propagation quite 
little.

By numerical solution of the mode equation it is found that for propagation over the
poorly conducting Greenland ice-sheet all the important modes are affected to a greater
or lesser degree. One of the modes has an eigenangle which is close to the Brewster angle
of the ice surface. The energy in this mode is fed into the ice where it gives rise to
a surface wave which is rapidly attenuated. The other modes are less attenuated but their

-5 -4attenuation is maximum for an ice conductivity between 10 to 10 mho/m. Mode conversion 
at the abrupt conductivity change at the sea-ice boundary was also considered.

Some experimental findings are used to test the model. It was possible to find reasonable 
models that explained the experimental findings.

Summary of results
The aim of the work reported in this thesis has been to study the propagation of VLF
radio waves in order to make them useful in ionospheric investigations. During the
course of the study some new results have been found and in other cases results from 
other areas of geophysics have proved to be associated with expected or unexpected
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effects on VLF transmissions. Many of the difficulties are due to that VLF being 
reflected at the lower edge of the D-region which is below the heights most other 
methods of measurement are effective.

The essential achievements are the clarifications of proton and electron effects on VLF.
The proton effects involved the additional complication of the Greenland ice-sheet. The 
study of the electron effects included the elimination of a whole row of obstacles, the 
most important being unknown electron fluxes and unexpected mode conversion effects.

The complexity of VLF propagation can be utilized to advantage when the mechanisms are 
known. This is shown in a study made at Kiruna of the middle latitude ionosphere by 
night on the other side of the earth. Auroral substorms and average ionosphere by night 
on the other side of the earth. Auroral substorms and average ionospheric conditions in 
Alaska were also observed.

In one case the work on making VLF useful in ionospheric research has been completely 
successful: PCA events are detected by means of VLF with higher reliability than by any 
other method including satellite measurements.
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