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I. INTRODUCTION
A. General

The design, site selection and management of iow-frequency (LF)
transmitters require a knowledge of the earth conductivity in the
vicinity of the transmitter. This is because field strength attenua-
tion strongly depends on earth conductivity, an increase in which causes
an increase in transmitter range and, hence, possibly cochannel inter-
ference with another transmitter.

This report concerns the use of new methods for obtaining ground
conductivity values appropriate for engineering in the 200-415 kHz
radio navigation aid band. The development of these methods in the
last 20 years now enables detailed improvements to be made of the
present conductivity map (see Figure 1 and Table I) used by the FAA
(pub. 6050.10) both as to actual and extrapolated values. Not only
do these new methods give the most appropriate values for the frequency
band considered, but they also enable a survey area to be covered in
regular grids, thus improving on the statistics and extrapolations of
older methods.

The map in present use by the FAA is that of Fine (1954) based
on an eight-year study by Kirby et al. (1954) of field strength attenua-
tion of radiation from 621 transmitters in the 550-1660 kHz broadcast
band. Ten to twelve radial sections, extending about 25 miles apiece,
were taken from each transmitter, giving 7237 conductivity determina-
tions. In Fine's map, extrapolations of conductivity values for areas
not covered by BCB stations were made on the basis of correlations
between conductivity and subsoil type (the term "subsoil" was not defined
by Fine) existing in the known areas. This procedure was undoubtedly
adopted in view of the conclusion of Kirby et al. of “some association
of ground conductivity with soil type but so little that its use in
predicting future values of ground conductivity for given soil type
generally yields too wide a range of values to be sufficiently precise."
Fine states that measured conductivities for paths over the same terrain
often varied by more than 2 to 1.

Although the field strength decay method is a valid practice for
determining gross measures of surface conductivity, the present FAA
map is inappropriate for LF purposes for the following reasons. First,
the depth through which conductivity values are integrated is much deeper
at LF, being proportional to the square root of the frequency for any
one material. Second, the field strength method at both BCB and LF
wavelengths is topographically sensitive, thus giving question to values
obtained in mountainous regions. Third, the field behavior over local
inhomogeneities is understood for only very simple examples.
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TABLE I. RESISTIVITY CLASSIFICATION SCHEME

Classes 30 through 0.5 and their associated ranges are
taken from Fine (1954).

Class Resistivity range (ohm-m)

30 22 - 47

15 47 - 91

8 91 - 177

4 177 - 354

2 354 - 707

1 707 - 1,414
0.5 1,414 - 2,829
0.25 2,829 - 5,000
0.14 5,000 - 10,000
0.06 10,000 - 20,000
0.03 > 20,000

These last two points are demonstrated in Figures 2 and 3. Figure
2 shows theoretical and experimental horizontal magnetic field strength
("Hy" in the figures) attenuation curves for a 276-kHz, 25-Watt Non-
Directional Beacon (NDB) located in Hanover, New Hampshire, a topo-
graphically and geologically comnlex region. At the bottom of the
figure is the topographic profile. The bedrock geology is composed of
various types of schist (see Glossary of Geologic Terms) metamorphosed
from volcanic rocks and overlain by a marginal till cover. Also shown
in this figure are galvanically (direct current method, see Appendix
A) determined resistivity profiles for two effective depths of pene-
tration. As the resistivity profiles reveal for both penetration
depthe resistivity varies over a very wide range (60~100,000 ohm-m).
The field strength profile shows many large perturbations superimposed
upon a general decay with radial distance, and some of the perturba-
tions are associated with the rugged topography. At best, the average
resistivity seen at LF is crudely estimated at between 200 and 1000
ohm-m.

Figure 3 shows experimental and theoretical horizontal magnetic
field strength profiles for a 248-kHz NDB located at Glenallen, Alaska.
In this case, there is very little relief and the geclogy to several
tens of meters depth consists of unconsolidated glacial and lacustrine
deposits. A best fit to the data places the average resistivity between
200 and 500 ohm-m. This agrees with the d.c. investigations over 1
to 20-m depth (vertical bars) that indicate values ranging from 20 to
600 ohm-m. However, although the field strength decay seems to follow
the 500 ohm-m curve, there is at present no adequate way of estimating
the resistivity along the large perturbations seen between 25 and 60
km and between 90 and 125 km.
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FIGURE 2. THEORETICAL AND EXPERIMENTAL FIELD STRENGTH ATTEN-
UATION CURVES FOR A 276-KHZ BEACON LOCATED IN HANOVER, NEW
HAMPSHIRE. The spacings indicated in the center plots are
inctcrelectrode separations for which the depths of penetra-
tion are approximately 7 m (10-m spacing) and 21 m (30-m spac-
ing). The topographic profile is given at bottom.

B. Modern Electromagnetic Methods of Resistivity Measurement

Within the last 20 years, new electromagnetic methods of sub-
surface exploration have come into practice that enable local resis-
tivity determinations not practical with field strength decay methods
to be made. With the exception of subsurface radar which operates
between 100 and 1000 MHz and relies on contrasts in dielectric polar-
izability, these methods rely primarily on contrasts in electrical
conductivity to make subsurface material distinctions. In many cases
therefore, electromagnetic methods are able to determine earth con-
ductivity locally and directly, thus offering alternatives to the
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FIGURE 3. THEORETICAL AND EXPERIMENTAL FIELD STRENGTH ATTENUATION
CURVES FOR A 248-KHZ BEACON LOCATED AT GLENALLEN, ALASKA, IN THE
COPPER RIVER BASIN. The section runs approximately north from the
transmitter. Topographic relief is minor.

field strength method of measuring earth resistivity. The methods
are as follows, listed under their more common or commercial names.
They are summarized in Appendix A.

Magnetotelluric

This method utilizes electromagnetic energy in VLF (3-30 kHz),
ELF (10 Hz-30 kHz) and ULF (below 10 Hz) bands generated worldwide by
atmospheric and ionospheric discharges, magnetic field micropulsationms,
etc. The quantity related to earth resistivity is the ratio of the
earth tangential components of the electric and magnetic field known
as the surface impedance. Readings covering a broad spectrum of fre-
quencies allow interpretations to be made as to the resistivity of
various layers of earth materials.

Radiohm*

This method also utilizes the surface impedance principle but at
higher frequencies in the VLF and LF bands. Powerful transmitters at
VLF and numerous though less powerful transmitters at LF allow this
method to be used almost anywhere over the North American Continent.

Wavetilt and E-Phase*

These methods are similar to the above surface impedance methods
except that the earth tangential electric field is compared with the

* Radiohm is a patent name.

-f
E-PHASE is a patent name of the Barringer Corp., Rexdale, Ontario.
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earth normal (vertical) component of the electric field. The wavetilt,
as is the surface impedance, is a complex quantity having both phase
and amplitude. The E-PHASE system is an airborne adaptation of the
wavetilt principle but only the quadrature phase value of the complex
wavetilt is measured. The in-phase component is destroyed by topo-

graphic scattering and antenna cross coupling caused by aircraft in-
stability.

Magnetic Induction

This method utilizes the magnetic field coupling between two loop
antennas, one the transmitter and the other the receiver, to measure
earth conductivity. In principle, the primary transmitter field
couples directly to the receiver but also induces eddy currents within
the earth. 1In turn, these currents generate a secondary magnetic field
which, when measured relative to the primary field at tue receiver and
under ideal conditions, can be mathematically related to earth con-
ductivity. This method is usually realized with two identical loops
which are oriented similarly and varied in spacing to orofile the
earth's conductivity with depth.

Many authore, most notably Wait (1970), have shown that specifying
the surface impedance of the ground will produce the same theoretical
results for propagation prediction as will specifying the entire resis-
tivity substructure. Calculations based on this procedure are now
possible with the mathematical developments of Ott and Berry (1970) and
ott (1971). Thus the surface impedance approach vastly simplifies
propagation studies because only one easily measureable complex number
need be associated with each surface point, rather than a set of sub-
surface resistivity values. However, one of our purposes was to map
conductivity for future LF engineering (e.g. transmitter placemert
and power assignment) purposes. Therefore, it may seem redundant to have
used a method that requires the existence of a transmitter in the first
place.

To counter this objection, it must be realized that the approxi-
mately 1500 LF transmitters in present use probably do not cover even
20% of the United States. Therefore, if a sampling procedure is to be
used, as it must for so large an area, it is far easier to measure
surface impedance about these existing transmitters and to extrapolate
the values to other areas of similar geology rather than to use a self-
contained d.c. current or magnetic induction sounding system to de-
termine the resistivity structure, then theoretically calculate the
surface impedance at LF, and then extrapolate.

The obvious choice of conductivity mapping methods is then the
radiohm method with instrumentation developed originally by Collett
and Becker (1967). Their instrumentation was originally developed to
monitor the VLF transmitters in regular use for military communica-
tions. Recently, however, this technique has been applied to frequencies
in the 200-415 kHz radio navigation aid band, primarily for purposes
of geologic exploration via ground conductivity mapping. As these
instruments are capable of meas:ring both amplitude and phase, the
total complex surface impedance btoundary condition may be obtained.
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More commonly, however, these surface impedance values are readily
converted to equivalent effective conductivity values.

C. Objectives

The objective of this research was twofold. The first objective
was to use and evaluate new means of mapping ground conductivity values
in the 200-415-kHz radio navigation aid band. Two approaches are
covered. For large-scale extensive mapping, airborne measurements using
the E-PHASE technique at VLF are discussed in Chapter III. This technique
may be possible because in some regions of the United States the VLF air-
borne conductivity may well approximate the LF ground conductivity. For
small-scale intensive mapping, ground measurements using the Radiohm sys~
tem for monitoring local LF navigational aid transmitters are discussed in
Chapter IV.

The second objective was to produce an estimated LF conductivity
map of the United States. The 1500 or so LF transmitters in present
use provide sufficient field strength to cover only about 20% of the
country with a usable signal. Of all these transmitters, only about
20 were used, but in a variety of circumstances to allow geologic and
physiographic correlations to be established. Some of the specific
studies undertaken are presented in Chapter IV. Estimates of both
LF ground conductivity and phase for the United States including
Alaska are given in Chapter V.

We first begin with a discussion of the electromagnetic principles

of ground wave propagation (Chapter II) because they are essential to
an understanding of the techniques used and the results presented.

1I. PRINCIPLES OF ELECTROMAGNETIC CONDUCTIVITY MEASUREMENTS

A. Theory of Radiowave Propagation in the Earth-Ionosphere Waveguide

Two different means of propagation at radio frequencies exist
within the earth-ionosphere waveguide. They are usually referred to
as the sky waves and the ground wave (often referred to as a surface
wave). Sky waves are actually the sum of many modes of multiple reflec-
tions formed between the ionosphere and the earth and exist at all
frequencies below about 50 MHz.

At AM broadcast frequencies and below, vertically polarized antennas
are used which generate transverse magnetic (i.e. the magnetic field
vector is orthogonal to the direction of propagation) radiation. The
field vectors of both the ground and sky waves at the earth's surface
are represented in Figure 4. E denotes the electric field components,

H denotes the magnetic field component, and x,y,z refer to a local
right-hand Cartesian coordinate system. The coordinate z is perpemndicular
to the earth's surface and x and y are tangential. The symbols a and

¢ refer to the incidence angles of the first order sky wave mode upon

the ionosphere and earth respectively. As has been experimentally

shown by Hollingworth (1926) and by Al'pert (1963), both modes do not
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FIGURE 4. TWO RADIOWAVE PROPAGATION MODES IN THE EARTH-
IONOSPHERE WAVEGUIDE (see text for explanation of symbols).
The electromagnetic field components are characteristic of
radiation from a vertical electric dipole.

necessarily combine in phase at the earth's surface. However, de-
pending on distance from the transmitter, usually one or the other
mode predominates.

The ground wave has less range than the sky wave but dominates
in amplitude within a few tens of kilometers from, say, a 25-Watt trans-
mitter at LF. Within a distance d such that

1/3

d < 80/f (km) (Jordan and Balmain 1968) (1)

where f is in MHz, the ground wave field components at the surface of
a homogeneous flat earth model may be expressed as

e—i (Br-wt) 2
E = £608I1deF S (1-u“) (2)
V4 r
eti (Br-ut)
| 160B1dLF S — (u/1-u?) (3)
-7 (Br-wt) €
H = -160BTdeF & \ /——‘3 (1-62) (4)
y ¥ M,
8
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FIGURE 5. VARIATION OF THE ABSOLUTE VALUE OF
THE SOMMERFELD ATTENUATION FUNCTION |F| WITH
NUMERICAL INSTANCE P OVER HOMOGENEOUS GROUND.
Displacement currents are considered negligible
in comparison to conduction currents.

where w = 2nf in radians/second, t is time in seconds and r is distance
in meters. The free space wave number is B and is determined by the
formula B = w/u_e. where ¢ = 8.85 x 10712 Farad/m, and Vg i 4m x 10~7
Henry/m. The quantity Idf gs the current moment of the transmitter,
(d2 is assumed to be much shorter than the free space wavelength), <
is /-1, o is the conductivity in mhos/m, and u = v1/(x-20/we.) where
k = relative permittivity. F is known as the Sommerfeld attenuation
function which strongly depends upon earth conductivity. When dis-
placement currents are small compared with conduction currents, u =

e for homogeneous ground and the absolute value of F may be expressed

g
as
|F| = 1-i/np &P erfc (iVp) (5)
where
¢ Breow
P 20

The term erfc refers to the complement of the error function erf [see,
for example, Abramowitz and Stegun (1967)] which equals (l-erf). F

is usually plotted against p, the numerical distance, which is actually
a normalized function of distance. The dependency of |F| on p is

given in Figure 5.

The depth of penetration within homogeneous earth for the re-
fracted ground and sky waves is measured by the skin depth & given
by the formula

§ = /2p/mu° (6)

9
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FIGURE 6. SKIN DEPTH § AS A FUNCTION OF FRE-
QUENCY FOR A HOMOGENEOUS MODEL EARTH OF DIFFER-
ENT VALUES OF RESISTIVITY p.

where p = 1/0 is the resistivity in ohm-m. The skin depth é§ is the
degth at which the refracted field strengths will have attenuated to
e” ' (37%) of their surface values. Values of 6 as a function of
frequency for a homogeneous model earth of varying resistivity are
given in Figure 6.

Sky waves have much greater coverage than the ground wave. They
usually predominate in field strength beyond about 800 km for the
powerful VLF transmitters in present use. At LF, however, the low power
of existing transmitters rarely allows significant excitation of the
sky waves. The sky wave modes may be approximated as several different
plane waves undergoing various numbers of "hops" (reflections) from
the earth and ionsphere. For an observer at the earth's surface, the

first order mode (usually a single ionospheric skip) is dominant. For
this mode the electromagnetic field components (using the coordinates of
Figure 4) may be well approximated by

o » _Hoe-zsxsine (ezszcose & -thcose)

Re ! )

Ez & Hozoaine e-zsxsine (eszcoae + Re-tszcose) (8)

and

Ex o Hozocose e-texaine (ethcose 4 Re-thcose). (9)

10




where Z° = /u /eo

o

0 = 90° -y

=
"

incident magnetic field strength
and B=wue .

0o o0

The time dependency of et is assumed. R is the reflection coefficient

which depends on earth conductivity. For a homogeneous earth, R is

expressed as
cosf - \!l (g- sine)
R = (10)
cosf + 8 \/-(— sine)

when the radiation is transverse magnetic. In this expression,

B = V—iwuoa .
Again, the permittivity of the earth is considered to have negligible
effect.

B. Surface Impedance and Wavetilt Methods of Measuring Conductivity

The wavetilt W method and the surface impedance Z_ method are
actually different versions of the same thing, but eacg has its special
area of application. W is defined as

W= Ex/Ez (11)
—z=0
and Z as
s
z = 1:'.1‘/11y (12)
—z=0

where both quantities are evaluated at the earth's surface z = 0. This
definition automatically applies to the ground wave, but for a sky wave
the grazing angle of incidence y must be near zero degrees.

W and Z, are complex quantities and, in general, may be expressed

in terms of amplitude and phase as

W= |W|e"”l
and
- ¢
z, IZ'Ie - S

1
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9 and ¢2 are not generally equal. However, for an earth model
of vertically stratified, uniform homogeneous layers (the standard
model for data comparison) ¢1 - ¢2 and both will be referred to as ¢.
In this case,

Z = Vuoleo w (13)

s

so that Z, and W convey the same information. Equation 13 and subse-
quent formulations apply to both ground and sky waves.

The surface impedance above a homogeneous model earth is well

approximated for either ground or sky waves at frequencies below about
10 MHz by the formula

Zs = Zo/n (14)

where n is the index of refraction and is expressed as

—
n =v/x S (15)
o

For most earth materials, dielectric effects can be neglected at
frequencies below about 1 MHz. In this case

245°
Zg we p e : (16)

When the earth consists of uniform homogeneous layers, equation 13 still
holds but the Zg or W dependency upon p and layer depths becomes more
complicated. Common practice is to define an apparent resistivity g
from the homogeneous earth model and relate it to W or Z_ through the
amplitude inversion of equations 13 and 16 as -

2
2|

(O¥))

or

2
o BEE (18)

a we
(o]

These formulas will give a good approximation to the actual resis-
tivity if the earth is homogeneous to at least the skin depth 6.

Where the earth's conductivity is layered, equation 17 must be
modified to account for the various layer depths and layer resistivi-
ties. Wait (1970) presents a simple scheme for generating Zg or W
values above any number of plane, parallel layers. Wait (1970) and

12
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others (e.g. King 1968) have also shown that specifying a priori the
plane wave surface impedance as a boundary condition along the air-earth
boundary is equivalent to accounting for all the layer parameters for
solving the propagation problem. Present theoretical practice (Ott 1971,
Johler 1975) is to extend this idea by replacing all variations in earth
conductivity and topography with an equivalent surface impedance when
predicting the propagation of low frequency radiowaves. In support

of this idea, Hughes and Wait (1975) have calculated surface impedance
values above layers of varying depths (Figure 7). Their results show
that the local surface impedance could correspond to the local layering
very well, giving values equivalent to those for an infinite horizontal
extension of the local vertical stratificationm.

C. Dielectric Effects

It has been assumed so far that the effects of displacement currents
are negligible compared to those of conduction currents. Mathematic-
ally, this is expressed using the two terms of the index of refraction
n (equation 15) as

1
ey R (19)
o
Where this inequality does not hold, both apparent resistivity and
phase as determined by the surface impedance will be misinterpreted.

Figures 8, 9 and 10 show apparent resistivity and phase as a

function of frequency for a homogeneous model earth of various values
of p and k. The bands marked VLF, LF, and BCB cover those frequencies

13
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FIGURE 8. APPARENT RESISTIVITY (SOLID) AND PHASE
(DASHED) AS A FUNCTION OF FREQUENCY FOR A HOMOGENEOUS
MODEL EARTH OF 100 OHM-M RESISTIVITY AND VARIOUS VALUES
OF PERMITTIVITY. Insignificant deviagions from true
resistivity (100 ohm-m) and phase (45 ) take place

in the VLF and LF bands. In the BCB, a permittivity

k = 80 (water) will significantly lower both apparent
resistivity and phase.
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FIGURE 9.  APPARENT RESISTIVITY (SOLID) AND PHASE
(DASHED) AS A FUNCTION OF FREQUENCY FOR A HOMOGENEOUS
MODEL EARTH OF 1000 OHM-M RESISTIVITY AND VARIOUS VALUES
OF PERMITTIVITY. Significant changes occur only in the
BCB for the range of permittivities expected at this
value of resistivity.
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FIGURE 10. APPARENT RESISTIVITY (SOLID) AND PHASE
(DASHED) AS A FUNCTION OF FREQUENCY FOR A HOMOGENE-
OUS MODEL EARTH OF 10,000 OHM-M RESISTIVITY AND TWO
VALUES OF PERMITTIVITY. Significant changes occur
in both the LF and BCB ranges for the range of per-
mittivities expected at this value of resistivity.

where transmitters are presently operating. Figures 8 and 9 reveal
that dielectric effects are insignificant in the LF and BCB ranges

for the normal ranges of permittivity encountered at 1000 ohm-m or less
(e.g. fresh water is usually at 100-300 ohm-m and k=80 while dry earth
materials at about 1000 ohm-m usually have k values of between 3 and
10). Figure 10 shows that, at resistivities of about 10,000 ohm-m

or greater, dielectric properties significantly influence apparent
resistivity and phase in the LF band and above. For example, at 300
kHz the value k = 10 (e.g. granite) depresses the actual resistivity

to an apparent value of 5600 ohm—m and gives a phase value of about
17°. Values above or below 45° normally indicate resistivity g-adients
with depth (see Chapter III), but in this case the material is homo-
geneous.

ITI. AIRBORNE APPROACH TO GROUND RESISTIVITY MAPPING

A. General

This chapter discusses the use of VLF signals to aid large-scale
LF ground conductivity mapping of the contiguous 48 United States. The

limited range of existing LF transmitters and the necessity for constant

retuning to the numerous frequencies used would nullify any possible
large scale use of the airborne techniques at LF. VLF transmitters,
however, have ranges of thousands of kilometers. Therefore, if regions
can be found where airborne measured partial apparent resistivity at
VLF closely approximates the total apparent resistivity at LF, this
large range may be extremely useful.

15
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FIGURE 11. FRONT VIEW OF AN ALRCRAFT SYSTEM OF CROSSED DI-
POLES FOR MEASURING THE WAVETILT COMPONENTS Ex AND Ey. The
aircraft flies orthogonally to the transmitter direction.

B. Airborne Quadrature Wavetilt Measurements

In Chapter 1 it was briefly mentioned that only the quadrature
value of the complex wavetilt can be measured from an aircraft. Here,
we will discuss this more thoroughly and show how this shortcoming may
be used to advantage for LF conductivity mapping.

In the airborne system illustrated in Figure 11, horizontal and
vertical electric dipole antennas are mounted on a nose cone extending
from a Short Take Off and Landing (STOL) aircraft. The horizontal
antenna is mounted orthogonally to the long axis of the nose cone.

The aircraft must then fly perpendicularly to the transmitter direction
for maximum coupling with E;. This allows the more intense E, to
couple with the horizontal antenna when the aircraft rolls so that

only the total E, and the component of E; in quadrature phase with

E, can be measured successfully to determine a wavetilt value Wq.

Expressin? the wavetilt as a complex quantity,
W= |W| (cos¢ + ising) (20)

where ¢ is the phase angle and the parallel bars denote the absolute
value of the wavetilt amplitude. The quadrature wavetilt value Wq
is then

W > [W| sin ¢ . (21)

Since W, does not equal the actual W except when the phase angle
is 45°, a phase angle must be arbitrarily assumed in trying to approxi-
mate the true value of W. An angle of 45° is the usual assumption.

The formula for converting W, at 45° to apparent resistivity, defined
as pq in this case, is then

PEPRION - S (22)




B

which gives the correct value of resistivity only for a homogeneous
earth. pq is related to - by the formula

2
Pq 2 p, sin"¢ . (23)

When the earth is layered, the amplitude and phase of W change
according to the resistivities and layer dimensions involved. For
vertically stratified homogeneous layers, the phase varies between 0°
and 90°. 1In general, the following rules apply:

1) Phase angles >45° indicate that resistivity is decreasing
with depth.

2) Phase angles <45° indicate that resistivity is increasing
with depth.

Since p_. biases the actual apparent resistivity Pa by the factor
231n2¢, o wgll always be more indicative of the surficial layers because,
when rule 1 applies, 2 sin2¢>1, and when rule 2 applies, 2 sin2¢<l. This
may then allow p, at VLF to closely approximate Ppg at LF since LF waves
penetrate less deeply than VLF waves under any resistivity condition,
as was shown by the skin depth formula (equation 6).

Figures 12 and 13 illustrate some specific comparisons between the
variations with layer depth of p, at 20 kHz (VLF) and those of p, at 300
kHz (LF) for various two-layer earth models. Figure 12 is of prime
importance because the models consider a less resistive second layer
which is a common situation encountered in the contiguous 48 states in
areas of no relief (the decrease in resistivity with depth is due to
the increase of moisture content with depth). Although the values are
not identical, there is a close proximity in value for many cases for
first layer depths of less than 20 m.

C. Resolution Considerations

Presently, the airborne wavetilt method is used for small scale
geophysical surveying wherein flight altitude is maintained between
75 and 150 m depending on the severity of the topography and flightline
spacing between 100 and 400 m. At these altitudes, which are much less
than a VLF wavelength (15 km at 20 kHz), an approximate measure of the
resolution of the airborne antenna is arrived at from the directivity
pattern of an electrically short dipole in the near field (quasi-static
zone) which is the region within a wavelength's distance from the antenna.
In this region the intercept of the =10 db field strength contour (rela-
tive to the ground point directly below the aircraft) with the ground is
a circle of approximately 2 h diameter where h is the survey altitude.
2 h is then usually chosen for the flightline spacing.

D. Range and Altitude Considerations at VLF

Analysis in Watt (1967) shows that at VLF the total field at
ground level is essentially equal to the ground wave field out to about

-
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FIGURE 12. CURVES OF 2-LAYER EARTH APPARENT RESISTIVITY AS
MEASURED AT 20 KHZ (SOLID) AND 300 KHZ (DASHED). The 20 kHz
curves are of p, and the 300 kHz curves are of Pa* A di-
electric permittivity of 10 has been assumed for all layers.
Layer resistivities are in ohm-m.

400 km. From 400 to 800 km the first hop sky wave makes an appreciable
contribution and predominates beyond about 800 km. The grazing angle of
incidence ¥ for the first hop sky wave (see Figure 4), which must be
near zero for this method to be of use, decreases with range from about
27° at 300 km to 9° at 1500 km.

Figure 14 shows the variation of p_ with altitude, parametric in
Y, for a homogeneous flat ~arth model. The curves show serious degra-
dation of apparent resistivity at the larger values of Y when the survey
altitude is increased beyond 100 m. Beyond the 1500~km range where
¥ < 9°, survey altitude may be increased to as much as 1 km without
serious degradation. Since 1 km is still a small fraction of a free
space VLF wavelength, ground level would still be in the near field of
the airborne antennas. The ground resolution at this altitude is approx-
imately wh2(km?) or about 3.1 km2.

18
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FIGURE 13. CURVES OF 2-LAYER EARTH APPARENT RESISTIVITY AS

MEASURED AT 20 KHZ (SOLID) AND 300 KHZ (DASHED). The 20 kHz
curves are of p, and the 300 kHz curves are of Pge A di-
electric permittivity of 10 has been assumed for all layers.
Layer resistivities are in ohm-m.
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FIGURE 14. APPARENT RESISTIVITY AS A
FUNCTION OF ALTITUDE ABOVE A MODEL
HOMOGENEOUS EARTH OF p = 1000 OHM-M.
The apparent resistivity is determined
by the airborne wavetilt method for a
VLF sky wave at 20 kHz incident upon
the earth at three different values
of the grazing angle y.
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FIGURE 15.

CALIBRATED ALTIMETRY (BROKEN) AND NORMALIZED E,; AND

Ey

(SOLID) PROFILES OVER THE DEBOUILLIE MOUNTAIN AREA IN NORTHERN

E.

MA?NE. The profiles and those of Figure 16 are not exactly coinci-
dental with each other or with the topographic profile because of
changes in flight speed at the different altitudes. Over the
ridges E, ; is always enhanced. At 600 m the E_ disturbances have
nearly disappeared while those of Exq have retained much of their
lower altitude strength.

Topographic Effects
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