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An experiment is described which tests the consequences of an explanation by Crombie of phase

steps and amplitude fading at dawn and dusk.
ke/s for the types of path studied.

1. Introduction

The diurnal phase variation of VLF signals over
long paths is generally in the form of a trapezium
[Pierce, 1955] where all night conditions over the
path correspond to one steady-phase level, and all day
conditions over the path correspond to the other steady-
phase level. The idealized transition from one phase
level to the other during dawn and dusk completes the
straight sides of the trapezium, and this paper dis-
cusses deviations from this in the form of phase steps
during the transition period. The phase steps are
accompanied by signal fading, and this had in fact been
noticed before transmitter frequencies were stable
enough to detect the diurnal phase variations [Ander-
son, 1928]. Attempts were made to explain the ampli-
tude fading by Yokoyama and Tanimura [1933] and
the phase steps by Rieker [1963]. Both explanations

- were based on single-ray geometrical optics, but it has
been pointed out by Budden [1961] and Wait [1962a]
that many rays are needed to explain VLF propagation
over very long paths. Crombie [1964] put forward
an explanation based on the use of modes in the earth-
ionosphere waveguide in which two modes are present
in the nighttime part of the path and only one mode in
daylight. He showed that this explanation fitted most
of the observed facts and that it had consequences
which were capable of verification by further experi-
mental evidence.

An experiment is described in this paper which
produced results in support of Crombie’s explanation.
The experiment involved the use of a mobile monitor
station on board ship, and a permanent ground moni-
tor station, both of which recorded the phase and
amplitude of NBA 18.0-kc/s signals from Balboa,
Canal Zone.

The consequences of Crombie’s explanation are
studied in more detail, and it is shown that the dif-
ference in phase velocity and the difference in attenu-
ation rate for the two lowest order modes at night can
be deduced from experimental data.

Information can also be obtained on the transmitter
excitation factor and the mode conversion at the
ionosphere discontinuity.

It is concluded that the explanation is valid at 18.0
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FIGURE 1. NBA 18.0-kc/s phase (¢) and amplitude (A) records,

6 December 1963.

2. Explanation of Phase Steps Put Forward
by Crombie
Phase steps and signal fading similar to that illus-

trated in figure 1 were studied by Crombie [1964]
on the transmissions of NPM (19.8 kc/s), Hawaii, to
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Boulder, Colo., and NBA (18.0 kc/s), Canal Zone, to
Frankfurt, Germany. He noted that:

(1) The rapid change of phase took place at the same
time as the amplitude minimum;

(2) the rapid phase change was in the direction of
decreasing phase delay during sunrise, and of increas-
ing phase delay during sunset (i.e., in the same
direction as the general phase change at these times);

(3) during sunrise, the deepest minimum occurred
latest in time, i.e., with the dawn line closest to the
transmitter, but during sunset the evidence from the
two paths was not so definite;

(4) NPM signals received at Boulder and at Wash-
ington (almost on a great-circle line from Hawaii)
seemed to show that the minima during sunrise oc-
curred at the same time at the two places, to within
5 min or less (only a few days’ observations were
available); and

(5) the distance moved by the dawn-dusk line along
the transmitter-receiver paths between times of signal
minima was the same for sunrise and sunset.

Crombie put forward a model similar to that illus-
trated in figure 2 to explain the observations. He
assumed that at sunrise, for a west-to-east trans-
mission, two waveguide modes are present in the dark
part of the path between the transmitter and the dawn
discontinuity, but that at the discontinuity the second
mode is converted to first mode, so that no second
mode exists in the daylight part of the path. He
showed that the consequences of these assumptions
are that when destructive interference takes place to
give a voltage minimum, the rapid phase change is
in the observed direction, and that all points to the
east of the dawn discontinuity should experience the
signal minimum simultaneously, which agrees with
the few days’ observations quoted above.

In order to explain the sunset phenomena, Crombie
assumed that only the first waveguide mode exists
between the transmitter and the discontinuity, but
that some second mode is generated at the discon-
tinuity, so that between this point and the receiver,
in the dark part of the path, two modes are present,
and an interference pattern is formed which moves
westward with the sunset line. Crombie showed
that with this model, the rapid phase change associated
with the voltage minimum is again in the observed
direction.

Crombie’s model therefore fitted observations (1),
(2), (4), and (5) (the latter, since in each case it is
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FIGURE 2. Ionosphere model for sunrise and sunset.

the nighttime height of ionosphere which determines
the two mode velocities, and hence the distance moved
by the dawn-dusk line between minima). However,
the experimental evidence in support of the simul-
taneity of the minimum signal at sunrise was slight,
and none was available to show that at sunset the inter-
ference pattern moves with the sunset line. Thus
the explanation, while fitting the general facts, had
not been verified by any substantial amount of experi-
mental evidence.

The principal object of this paper is to describe an
experiment in which the main consequences of
Crombie’s explanation have been verified. The
experiment is described in section 3, and the analysis
of the results is discussed in section 4.

The consequences of the explanation by Crombie
are discussed more fully by taking into account the
transmitter excitation factor, the mode conversion
coefficient at the dawn-dusk discontinuity, and the
attenuation rates of the first two waveguide modes.
None of these factors were considered in detail by
Crombie. The relationships derived are applied to
the experimental data in section 4 to give the difference
in phase velocity and the difference in attenuation
rate for the first two modes at night. By assuming a
theoretical value for the excitation factors of mode 1
and mode 2 at night, an estimate is made of the ratio
of the two lowest order mode conversion coefficients
at the dawn discontinuity.

3. Experimental Data

The two main consequences of Crombie’s explana-
tion of the dawn-dusk phase steps are that, for a W-to-E
path,

(1) At dawn, all points to the east of the discontinuity
should experience the signal minima simultaneously;

(2) at dusk, the interference pattern should be on
the dark side of the discontinuity and should move
with the discontinuity so that the time of occurrence
of minimum signal should depend on the location of
the receiver.

The verification of both of these results could be
done ideally by placing a large number of receivers
at intervals along a great-circle path from a suitable
transmitter, and simultaneoulsy recording the phase
and amplitude of the signal at all the points. This
experiment was not feasible, but a permanent record-
ing station at a great distance from a transmitter,
together with a mobile recording station moving to a
different position each day along the great-circle
path between the transmitter and the permanent
monitor station, is a good approximation to the ideal,
and this experiment has been done.

A permanent monitor station is in operation at the
University of East Africa, Nairobi, Kenya, and the
phase of received VLF signals is compared with the
phase derived from a rubidium-vapor frequency
standard. The phase difference is recorded together
with signal amplitude, and the phenomenon of phase
steps and amplitude fading can be seen clearly on the
NBA 18.0-kc/s records, an example of which is given
in figure la. The path length is 12,950 km. The
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dawn steps are always very noticeable, the number
varying between four and seven but those at dusk are
much less pronounced and are sometimes masked
by locally generated noise. Recording paper speeds
of 15 mm/hr enable the timing of events to be esti-
mated to better than 4 min. Records were available
from 11 November to 31 December 1963, which covers
most of the time that the mobile monitor station on
H.M.S. Vidal was in operation.

H.M.S. Vidal is a Naval survey ship engaged on
oceanographic survey work, and during Exercise
‘Navado a temporary VLF monitor station was estab-
lished on board. The station was equipped in the
same manner as the permanent station at Nairobi,
with the exception that a vertical whip aerial was used
instead of the loop aerial used at the ground record-
ing station. Amplitude minima and phase steps can
be seen in figure 1b which shows phase and ampli-
tude readings of NBA 18.0 kc/s taken on H.M.S.
Vidal with the ship stationary, on the same date as
the Nairobi record in figure la. While the ship was
in motion, the phase steps were superimposed on the
phase change caused by the movement of the ship
relative to the transmitter, and were sometimes diffi-
cult to interpret, but the amplitude minima were still
clear. The speed of the recording paper was in-
creased to 60 mm/hr in order to ease the reading of
phase records made while the ship was moving, and
in this case the time of any event can be read to the
nearest minute. Exercise Navado consisted of four
crossings of the Atlantic on fixed lines of latitude of
10°, 13°, 16°, and 19°N. The ship’s speed was main-
tained as nearly constant as possible at 12 knots for
2 days, followed by 12 hr “on station” with engines
stopped. Astronomical fixes were taken twice a day so
that the ship’s position was known to an accuracy of
about 1 mile at any time. The first three crossings,

Path followed by H.M.S. Vidal during Exercise Navado.

made between 30 October and 21 December 1963,
produced good quality VLF data, and this has been
used in the subsequent analysis. The path of the
ship in relation to the NBA transmitter and the Nairobi
receiver is illustrated in figure 3. The distance of the
ship from the transmitter varied between 2000 km and

7000 km.

4. Analysis of Results
4.1. General

The experimental measurements available were the
times at which the signal minima (or maximum
rate of change of phase) occurred at the different
receiver positions, and the relative signal amplitude
during the dawn and dusk period. The measurements
of time are not significant in themselves, since they
are dependent on the time of year, and on the location
of the transmitter-receiver path. A more convenient
parameter to use is the position of the dawn-dusk
discontinuity at the time of the signal minimum, and
its distance from the transmitter or receiver. The
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position of the discontinuity in the height of the
D region of the ionsophere is not known exactly, but
for convenience it has been defined here as the shadow
cast by a 30-km ozonosphere on a 90-km ionosphere
(see fig. 4), giving an angular position measured from
the center of the earth. The same angular position
would be obtained by taking the shadow line cast by
the solid earth on a 60-km ionosphere, so in this sense
the definition is arbitrary, but it does define a line on
the surface of the earth which bears a fixed relation
to the true discontinuity. An examination of the NBA
18.0-kc/s phase records in figure 1 shows that the dawn
variation starts when this shadow line is almost over-
head at the receiver, and hence the definition used is
not unreasonable for dawn conditions. At dusk, the
phase change continues for approximately 2 hr after
the defined shadow line has passed overhead at the
transmitter, showing that the discontinuity at dusk is
not so sharp and not so close to the defined line as at
dawn. Distances have been calculated from the posi-
tion on the surface of the earth directly under the
shadow line, as defined above, to the transmitter and

the receiver, along the great-circle path between.

transmitter and receiver. A correction was made to
the universal time at which the minima occurred, to
allow for the equation of time [H.M. Nautical Almanac
Office, 1961] which gives the difference between the
true hour angle of the sun, and the hour angle of the
ficticious mean sun, i.e.,

H=12 hr+UT+E

where H is the Greenwich hour angle of the sun, UT
is the universal time, and E is the equation of time
correction.

The limits of the magnitude of E during a year are
approximately = 15 min, which is equivalent to =400
km in the position of the dawn-dusk discontinuity,
and during the experiment the change in E was
approximately 17 min, equivalent to 500 km.

4.2. Verification of Crombie’s Explanation
a. Sunrise

During the experiment, the mobile monitor station
moved a distance of 5000 km in approximately 11 days
on almost a great-circle path from the NBA transmitter,
in each of three crossings of the Atlantic. The dis-
tance of the dawn ionosphere shadow line from the
NBA 18.0-kc/s transmitter at times of minimum signal
received by H.M.S. Vidal, as a function of distance
between transmitter and receiver, is shown in figure 5.
It is seen that the minima occur when the dawn line
is at discrete distances from the transmitter of approxi-
mately 500 km, 2500 km, and 4400 km, independent
of the distance of the transmitter from the receiver.
This result is an agreement with Crombie’s explanation
of the phenomenon. The number of minima decreases
as the receiver approaches the transmitter, and when
the receiver is near the distance from the transmitter
at which the dawn line normally gives a minimum, an
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anomalous condition occurs. In this case the mini-
mum occurs at a later time than for receiver positions
further from the transmitter, i.e., the dawn line is
closer to the transmitter by approximately 1000 km.
A possible explanation is that, for receiver positions
close to the dawn discontinuity, some second mode
exists in the light part of the path, thus affecting the
time of occurrence of the minimum signal, whereas
for greater distances from the discontinuity the
attenuation of the second mode is too great for it to
have any appreciable effect.
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The fact that the results from three crossings of
the Atlantic show no appreciable variation implies
that the seasonal variation is small during this period
of time, and this is also supported by the data from
the fixed monitor station at Nairobi. This is illustrated
in figure 6, which shows the distance of the dawn
shadow line from the NBA transmitter at times of
minimum signal received in Nairobi during November-
December 1963. The mobile receiver results are
also shown in figure 6, and it is seen that many of the
small day-to-day variations in the position of the dawn
line for minimum signal are repeated at the fixed and
mobile receiver positions, i.e., the variations are real
and not inconsistencies in the data.

b. Sunset

For sunset, the consequences of Crombie’s explana-
tion are that the interference pattern is in the dark
part of the path and moves along with the sunset line.
Thus minima should occur with the sunset line at
fixed distances from the receiver, independent of the
transmitter-receiver displacement. Figure 7 shows
the distance of the sunset line from the receiver at
times of minimum NBA 18.0-kc/s signal received by
H.M.S. Vidal during two crossings of the Atlantic.
It is seen that the minima occur when the sunset line
is at discrete distances from the receiver of approxi-
mately 100 km, 2000 km, and 3800 km. The scatter
is greater than in the sunrise case, but the result is
again in agreement with Crombie’s explanation. The
results from two crossings of the Atlantic separated
by 14 days are in reasonable agreement, and the re-
sults from the fixed monitor station at Nairobi during
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November-December 1963 (see fig. 8) show that
although there seems to be a slow seasonal variation,
the change was small during the 11 days required
for one crossing of the Atlantic.

4.3. Phase Velocity

The distance spacing, D, between the positions of
the dawn-dusk line for minimum signal gives a meas-
ure of the phase velocity difference of the two inter-
fering modes, and it can be shown that:

(Vn2/C—Vmi/C) = ND,

where Vy; and Vye are the phase velocities of mode 1
and mode 2 in darkness, and X is the free space wave-
length at 18.0 kc/s. For the dawn case, the mean
value of D was 2000 km, giving (Vy2/C—Vx:1/C)=0.0083.
For the dusk case, the mean value of D was 1900 km,
giving (V2/C—Vy/C)=0.0088. Theoretical values
derived by Wait [1962a] for (V»/C—V,/C) at 18.0
ke/s, for a perfectly conducting spherical earth and
for a sharply bounded ionosphere with a value of con-
ductivity parameter w,=2 X 10°, are shown in figure 9
as a function of ionosphere height. From this it can
be seen that the equivalent ionosphere height during
dawn interference is 87.5 km and the equivalent
ionosphere height during dusk interference is 84.5
km. These values would be changed slightly if
allowance were made for the effect of the earth’s
magnetic field, and for a gradual ionosphere bound-
ary, but the result would still be consistent with
the normally accepted ionosphere reflection height
for VLF waves at night. This result is again in accord-
ance with Crombie’s explanation, since it implies that
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the interference is determined by the nighttime part
of the path in each case. The slightly lower height
at dusk may be due to the incomplete change to full
nighttime conditions close to the dusk line.

4.4. Position of Dawn-Dusk Line

The distance of the dawn line from the transmitter
at times of minimum signal gives information on the
phase of excitation of the first two modes by the trans-
mitter at night, and on the phase change introduced by
the discontinuity.

Thus, referring to figure 2, we assume that for d
< dy, i.e., in the dark part of the path, we have a series
of modes whose propagation is determined by the night-
time ionosphere reflection height Ay and by the proper-
ties of the nighttime reflecting boundary. The field
E at a distance d from a vertical electric dipole of
strength I ds is given as a sum of modes by [see
Wait, 1962a]

nilds
1/2 /
in — A1/2 n
<a sin, hy\

= Ane_ikSNnd 0<d< dN,
where
n=(w/€)? = 1207 for free space,

\=free space wavelength,

a=radius of earth,

n=mode number,

A, = transmitter excitation factor of mode n,

k=2m/\.

S=w+Yka,

v=pole in complex v plane resulting from Watson
transformation. Subscript Nn refers to nth mode at
night.

We then assume that at the discontinuity some mode
conversion takes place, so that for d > dp, i.e., in day-
light, we have a new series of modes, whose magnitude
is détermined by the mode conversion, and whose
propagation is determined by the daytime ionosphere
reflection height A and by the properties of the day-
time boundary, i.e..

A e
E=r—"r5m— 3 Dne oty d > dy.
(a sin g) hp ™
where 4= ”’7;11/(557

m=daytime mode number,
dp = distance from transmitter to end of discontinuity.
Subscript Dm refers to mth mode by day,

L= 2 T nmAneiikSN"dNa
n

dy=distance from transmitter to start of discon-
tinuity, and
T, =the (complex) mode conversion coefficient from
mode rn in darkness to mode m in daylight.

If we now consider a position of the dawn discon-
tinuity far enough from the transmitter for modes
higher than the first two to be negligible, and a dis-
tance of the receiver far enough from the end of the
discontinuity for modes higher than the first mode to
be negligible, then

A .
= 7 Iy e~ikSp,(d—dp)
<a sin g) hp

A

= e~ kSpAp[ Ty A e~ #kSnidy

] 172
(a sin %) hp

d>dg

+ Ty AseRSnan],

where dp=d— dr=length of path in daylight.

If we now ignore the slowly varying quantities
(a sin d/a)~'? and e %*Sp1p, then voltage minima will
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occur when
arg (A1T11[ A T21) + 2ardy(1 /A1 — 1/Ay2)
=2p+Dm, p=0,1.... (1)

The distance D moved by the dawn line between suc-
cessive times of minimum amplitude is given by

1/D =1/Ayi — 1Ay = (Vw2 C = Vi )X,

where A\ and V' are wavelength and phase velocity.
Putting p=0 in (1) gives

arg (AT 11/ AoTo1) = — 27TdA'(1/)\.v1 - 1/7\N2)
=7 —2mwdy/D,

where dy is now the distance of the dawn line from the
transmitter at the time of the last minimum in a dawn
sequence.

The value of D is relatively insensitive to the defini-
tion used to locate the discontinuity, but the value of dy
depends directly on this definition. The distance dy is
the distance from the transmitter to the start of the
discontinuity (see fig. 2a), and this is the position which
the ionosphere shadow line attempts to define. From
figure 6, D and dy can be estimated, and we obtain a
value of arg (A{T11)/(ATs)=m/2. If we now assume
a perfectly conducting ground, and a perfectly re-
flecting ionosphere, then the value of arg (Ai/A,) is
zero, and arg (7;/Ts1))=m/2. This is now the dif-
ference in phase for the first two modes, introduced
between the start of the discontinuity as defined by
the shadow line, and the end of the discontinuity,
which it is unnecessary to define. In general, A; and
As will not be real, since the ionosphere model giving
the best agreement with experimental data is not per-
fectly reflecting, and hence the value of arg (71:/7%1)
will be modified.

At dusk, we assume that only mode 1 is present be-
tween the transmitter and the start of the discontinuity
in daylight, and that mode 1 and mode 2 are present
beyond the discontinuity in darkness. By similar
reasoning to that used for the dawn case it can then
be shown that at a receiver beyond the discontinuity,
the signal voltage E is given by

A 1 sy
& (a sin d|a)!? hy Do

[Uyre~kSndy + Uyze~ikSnadn]

where A'|is the excitation factor of mode 1 in daylight,
Unm is the (complex) conversion coefficient from mode
n to mode m at the dusk discontinuity, and distances
dp and dy refer to lengths of paths in daytime and night-
time conditions, respectively.

If we again ignore the slowly varying quantities (a sin
dla)'2 and exp (—ikSpidp), minimum signal voltage

will occur when
arg (Un/U]g) aF 277(1,\'(1//\,\'1 - 1/)\\2)
=2p+Dm, p=0,1, . . .. (2

The distance D moved by the dusk line between suc-
cessive times of minimum amplitude is given by:

1/D=1/Ay1—1/Ay2 = (Vy2/C — V| C)/N,
and putting p=0 in (2) we have
arg (Uni/Usz) =7 — 27dn(1/Ay1 — 1/Ay2)
= — 2mdy/D,

where dy is the distance of the dusk line from the re-
ceiver at the time of the first minimum in a dusk
sequence. At dusk, the distance dy in figure 2b is
from the end of the discontinuity to the receiver, and
once again it is this point that the shadow line attempts
to define. From figure 8, D and dy can be estimated
and we have

9
arg (Un/Ur_’):’lﬁﬂ-

This is the difference in phase for the first two modes
introduced between the undefined beginning of the
discontinuity and the end of the discontinuity as de-
fined by the ionosphere shadow line.

4.5 Depth of Minima

The ratio of the maximum to minimum received
signal gives a measure of the ratio of the amplitudes
of the two interfering signals, and also of their relative
attenuation rates with distance. Thus it follows from
the assumptions made in section 4.4 that at dawn, the
amplitude of signal when dy= dyax is given by

A 1

Eyax=——o——— — o—ikSpydp
MAX™ (@ sin d]a)'? hyp

X [|A1T11 |6_aN1dMAX ar |A2T21 |6_aN2dMAX] o

and at dy=dyy by
A

A -ikSpdp
(a sin d/a)'? hp

Evin=

X [|A1T11|e=w19MIN — | AyToy|e~ N2 IMIN].

Thus if the equivalent values of Eysx and Eyy are
found at the same value of dy, then

Evaxt+Euin _ | AT | ,

o2 ——2 = | —— [edManz—any),

Evax—Eyix | AT |° &
(Attenuation factor ayy, is given by ay,=—4% Im Sy,.)
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By plotting in figure 10a the mean values for the
month: of December 1963, of the dawn signal minima
and signal maxima received at Nairobi, against dy,
the distance of the dawn line from the transmitter
at the appropriate times, values of Ey,x and Eyyy for
constant dy can be estimated. This enables values of
(Evax + Ev)/(Evax — Evin) to be calculated, and these
are plotted in decibels against distance dy in figure 10b.
From (3), the, slope in figure 10b gives (ans—an1) in
dB/unit distance, the intercept gives |A;7T11/A>T5 |
in dB. There is a reduction in slope for dy < 5000 km
that may be due to the difficulty in estimating the cor-
rect minimum values in this range because of low
signal strength. (Alternatively, the attenuation may
be changed due to the presence of more than two
modes in the dark path, when the dawn line is close
to the transmitter.) If the slope beyond 5000 km is
taken to be the correct one for two-mode interference,
then the difference in attenuation rates for the two
modes is 0.76 dB/1000 km. Experimental values for
the attenuation rates of mode 1 and mode 2 for pre-
dominantly sea water paths at night are given by Watt
and Croghan [1964] for a range of frequencies in the
VLF band. At 18.0 kc¢/s they give a difference in
attenuation rate between mode 1 and mode 2 of 1.5
dB/1000 km. Theoretical values for the difference
in attenuation rate between mode 1 and mode 2 will
depend on the earth-ionosphere model chosen. Fig-
ure 9 shows the difference in attenuation rate between
mode 1 and mode 2 at 18.0 kec/s as a function of ref-
erence height hy, for a profile of w, varying as 2.5 X 10°
exp 0.5 (h — ho) sec! and a perfectly conducting spher-
ical earth [Wait and Spies, 1964]. At a reference
height of h¢=90 km the difference in attenuation

rates is 1.9 dB/1000 km when using this particular
model. However, the value of w,=2.5X 105 sec™! at
the reference height A= ho, while appropriate for day-
time conditions, may not apply at night. A change
in this parameter, or of the exponential factor of 0.5,
could lead to differences in attenuation rate in agree-
ment with the experimental value obtained here.

If we again take the slope for distances of greater
than 5000 km as being correct, then the intercept at
dyv=0 gives 20 logiy |AiTi1|/|A:T2|=2.8. Once
again, theoretical values of excitation factor depend
on the earth-ionosphere model chosen. Thus for a
perfectly conducting spherical earth and a perfectly
reflecting ionosphere, height 90 km, Wait [1962a] ar-
rives at a figure of 20 logio |A2/A;|=12 at 18.0 kc/s.
For a perfectly conducting spherical earth and for a
profile of w, varying as 2.5 X 10> exp 0.5 (h — ho) sec™?,
and hy=90 km, Wait and Spies [1964] give 20 log;
[A2/A1|=9.6 at 18.0 kc/s. These two values of excita-
tion factor, taken together with the experimental value
Of 20 10g10 IA1T11/A2T21| :28, give values Of ’T]l/T21“
of 5.5 and 4.2, respectively. This implies that the
conversion from mode 1 in darkness to mode 1 in day-
light is approximately five times greater than the con-
version from mode 2 in darkness to mode 1 in daylight,
at the dawn discontinuity at a frequency of 18.0 kc/s.
Wait [1962b] considers the mode conversion at a wedge
discontinuity in a parallel plate waveguide with per-
fectly conducting walls. For the first change of sec-
tion, i.e., parallel section to wedge section, Wait gives
T21/Ty1 =— 3khys/47*, and for the second change of
section, i.e., wedge section to parallel section, 75/T1;
=+ 3k(h+ Ah)W/d7?, for khys <<1, where k=2m/\,
h, h+Ah, are heights of two parallel sections, and
y=wedge angle. Thus the maximum possible con-
version for the whole wedge discontinuity, assuming
in-phase conditions and ignoring attenuation in the:
wedge section, would be |Ts:/T11|=3k(2h + Ah)W/4m2.
For h=70 km, Ah=20 km, and §j=1/50, this gives
|T11/T>:| =11.4. Bahar and Wait [1964] also consider
the mode conversion at a step discontinuity in a par-
allel section guide with perfectly conducting walls.
This work predicts that the conversion coefficient |
T, for night-to-day transmission should be given by

ZM) 2n—1
— 24
2% (2n_1)2_<h hAh)

where Ah is the abrupt height change. For n=1,
h=90, and Ah=20, we have |Ts|=1/6.4. Since Ty,
is approximately equal to 1, this gives |T11/T21| =6.

The single experimental value obtained for |T1/T5:|
is therefore of the same order as a theoretical estimate
for a step change in ionosphere height in a parallel
section guide with perfectly conducting walls, even
though the wedge model is a more realistic one.

It is worth noting that if extreme values for the month
of December instead of mean values were used in the
above calculations, then the resulting difference in
attenuation rate for mode 1 and mode 2 would be 1.7
dB/1000 km, and the mode conversion factor ratio
WOllld be 20 10g10 IT“/T21|:9.5 or lTu/T21|:2.99.

A
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At sunset, similar reasoning gives

EMAX + EMlN: Ull

— |edManz—on1)
Eyiax — Evix

12

where Ey,x and Eyy are again estimated for a con-
stant distance dy of the dusk line from the receiver.
The depths of the minima at sunset were difficult to
read on the Nairobi recordings because of the local
interference mentioned earlier, and hence the results
from the shorter path to H.M.S. Vidal had to be used.
Mean values could not be taken because of the move-
ment of the ship, so individual day’s recordings were
used. The figure obtained for the difference in attenu-
ation rates for the two modes was approximately 0.5
dB/1000 km, i.e., lower than in the dawn case, and the
ratio of the amplitudes of the conversion factors, i.e.,
|Un1/Uys|, was 2.4:1. These results were taken from
a few day’s recordings and are only approximate.

5. Conclusions

The experimental evidence in the paper supports
the ionosphere model put forward by Crombie to ex-
plain the dawn and dusk phase steps and amplitude
fading, i.e., that two waveguide modes exist in the
dark part of the path, but only one in daylight. It
has been shown that at dawn, distant observers ex-
perience the amplitude fading simultaneously, whereas
at dusk the time of fading depends on the distance
between the receiver and the dusk line. Both these
results are for a west-to-east path, effectively normal
to the dawn-dusk line (the angle varied between 57°
and 80°), and for a frequency of 18.0 ke/s.  In addition
to this, the difference in phase velocity of the two inter-
fering modes, deduced from the distance moved by
the dawn-dusk line between the times of minimum
signal, is compatible with the two modes being present
under a nighttime height of ionosphere. This again
is in agreement with the proposed model.

A technique has been demonstrated for obtaining
the difference in attenuation rate for the two prin-
cipal modes at night. The experimental value ob-
tained at 18.0 kc/s is lower than that given by Watt
and Croghan [1964] for other experimental results.
By assuming values for the transmitter excitation
factors of mode 1 and mode 2 at night, a figure is given
for the ratio of the mode conversion coefficients of
mode 1 and mode 2 at the dawn discontinuity. At
the dusk discontinuity, the ratio of the mode conver-
sion coefficients is found independently of the trans-
mitter excitation factors. The experimental value
at dawn is of the same order as the mode conversion
coefficient ratio as predicted by Bahar and Wait [1964]
for an abrupt discontinuity in a parallel section guide
of infinite conductivity, and is therefore surprisingly
high. At dusk the experimental data was not good
enough to give a reliable result. The experimental
values quoted above are of course for one path, at one
frequency, and are based on one month’s observa-
tions. It is felt that a fuller investigation is needed
before deciding on the validity of the technique.

It should also be pointed out that the numerical
results outlined above depend on the assumption that
the magnitude of the mode conversion is independent
of the distance of the dawn-dusk line from the trans-
mitter. If, however, the mode conversion depends
on the angle between the_path and the dawn-dusk
line, then the assumption will not be valid, since this
angle changes along the path. Also, Crombie [1964]
suggested the possibility that mode conversion does
not all take place at the discontinuity, which again
would modify the results.

It is proposed to investigate the phenomenon of
phase steps and amplitude fading for east-to-west
paths, for other frequencies in the VLF band, and to
study the effect of angle of path to the dawn-dusk
line on mode conversion. In the case of east-to-west
paths, the sunset minima should be experienced
simultaneously by observers to the west of the dis-
continuity, whereas at sunrise, the time of minimum
signal should depend on the distance between the dawn
line and the receiver.
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Vidal, and to J. Beaumont of Cambridge University
Department of Geodesy and Geophysics for ensuring
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