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Abstract

VLF phase and amplitude observations are used to better define the bottom edge of the night ionosphere.
Long, all-sea, mid-latitude paths are very consistent with a Wait reflection height, H' = 85 km, and a Wait sharpness
factor, β = 0.63 km-1. These parameters also give quite good agreement on a number of predominantly land paths
(short and long) at mid-latitudes.  However, measurements from nighttime transequatorial paths, in particular all-sea
paths, show there must be a very significant additional factor, not yet accounted for, in the equatorial regions.

Introduction

Very Low Frequency (VLF) radio waves (~2-40 kHz) travel around the Earth in the waveguide bounded
below by the oceans and the ground, and above by the lowest level of the ionosphere known as the D-region.  In the
middle of the day these VLF signals reflect mainly from heights in the range ~60-75 km, while at night, the electron
densities are lower, and most of the reflection takes place around ~75-90 km. These (partial) reflections occur
because the electron densities (and hence refractive indices) increase rapidly with height (in the space of a
wavelength).  These electron densities are not readily measured by means other than VLF. Reflected amplitudes of
higher frequency radio signals (eg from incoherent scatter radars) tend to be too small and so are masked by noise
or interference.  The air density at these heights causes too much drag for satellites.  Rockets are expensive and
transient; although some have given good results, there have generally been too few to cope with diurnal, seasonal
and latitudinal changes.  In particular, flights at night have been especially few, with very tenuous results.

The phase and amplitude of the received VLF signals provide good measures, typically averaged over quite
long distances, of the height and sharpness of the lower edge of the D-region. The US Naval Ocean Systems Center
(NOSC), has developed computer programs (MODESRCH, MODEFNDR, LWPC - Long Wave Propagation
Capability) which take the input path parameters, calculate appropriate full-wave reflection coefficients for the
waveguide boundaries, and search for those modal angles which give a phase change of 2π across the guide, taking
into account the curvature of the Earth.  The NOSC programs can take arbitrary electron density versus height
profiles supplied by the user to describe the D-region profile and thus the ceiling of the waveguide.  However, from
the point of view of accurately predicting (or explaining) VLF propagation parameters, this approach effectively
involves too many variables to be manageable in our present state of knowledge of the D-region.  We therefore
follow the work of the NOSC group by characterizing the lower D-region with a Wait ionosphere defined by just

two parameters, the 'reflection height', H', in km, and the exponential sharpness factor, β, in km
-1

.

The early measurements of VLF propagation under the night ionosphere used airborne receivers which took
amplitude only measurements over a few Mm of path length over several hours.  The advantage was that it
reasonably quickly gave observational snapshots of the modal (amplitude) interference pattern as a function of
distance from the transmitter. Since these interference patterns are relatively sensitive to the ionospheric parameters
they are useful for testing ionospheric models.  The disadvantage is that the night ionosphere is fairly variable and
so the modal interference features can vary not only from night to night but during the time of the flight, and also,
presumably because flights are expensive, relatively little data is available for averaging.

Daytime propagation is particularly stable, resulting in quite well-defined values of height and sharpness,
thus enabling calculation of the received VLF amplitudes and phases. At night, VLF propagation is often
significantly more variable than by day.  This appears to be partly due to the reflecting region of the ionosphere
being more variable, and partly because the night ionosphere supports more modes in the Earth-ionosphere
waveguide, thus resulting in more complicated modal interference which, in turn, results in the received amplitudes
and phases being more sensitive to ionospheric changes than they are by day.  This makes it very desirable to take
measurements over many nights to establish a reliable pattern of average behavior.


