e

RADIO SCIENCF Yol. 1 (New Series), No. 1, January 1966 . f

m=further Observatiors of Sunrise and Sunset Fading

P62933

D. D. Cromuic

Institute for Yelecommunication Sciences and Aeronomy, ESSA, Boulder, Colo.
{Received July 15, 1965) e
An e~Fer explanation of sunrise and sunset fading on long VLF paths is confirmed by examining

data taken over a wider range of frequency and directions of propagation.
there is an appreciable dependence of the fading period vn the magnetic direction of propagation. It
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1t is found, however, that

is shown that ihis dependence is qualitatively in agreement with what would be expected from a sharply

bounded ionospl.ere and a transverse magnetic field.

a7

1. Introduction

In an earlier paper [Crombie, 1964] (subsequently
referred to as paper 1), some of the characteristic
features of the remarkable periodic fading of VLF
signals observed over twn long paths were described.
The directions of these two paths (Canal Zone to
Germany, 18 kc/s, Hawaii te Boulder, Colo., 19.8 kc/s)
were both mainly to the east. On the basis of the
data obtained from t*:m it was concluded that, at
sunrise, the major features of the observe i fading
could be interpreted as being essentially due to inter-
ference between the first-order modes propagating in
the daytimc earth-ionosphere waveguide. It was sug-
gested that these two modes were the result of con-
version ~ of the first- and second-order modes
propagating in the nighttime portion of the waveguide.
Since the latter modes had different phase velocities,
the relative phase, and hence the combined amplitude
and phase of the two resulting first-order modes,
depended on the distance of the converting region
(possibly the sunrise line) from the source of the
first- and second-order modes, and not on the distance
of the receiver from the sunrise line. It seemed
probable that the transmitting antenna vas the source
of the two initial modes.

At sunset, however, for the particular geography
involved, it was necessary that the (assumed single)
mode incident in the sunset boundary be converted
at the boundary into two modes of the first and second
order. These subsequently interfere in the nighttime
region to the east of the sunset line, causing the sunset
fading. In this case the relative amplitude of the two
modes depends on the distance of the receiver from

the boundary.

1 This work was supported in part by the Advanced Research Projects Agency, Wash.
ington, D.C., under Order No. 183, and by the National Science Foundation under GP-3092.

The feature cammon to both the sunrise and sunset
effects was the presence of two signtficant modes in the
nighttime portion of the guide, and that the second-order
raodes w s weaker than the first, at the frequencies
used. thermnore, in both cases tite characteristics
of the fading were determined by the interference of
first- and second-order modes and the movement of
the sunrise or sunset lire (the ““terminator”) aloug the
path. As the terminator moved from one position
where the two modes were in antiphase to the next,
a distance D, (he received signal passed through one

complete cycle of the tnterference pattern. The
distance D is thus given by
A1z
D=——
=\l (1

where Ay and A: were the guide wavelengths of the
first- and second-order modes in the nighttime portion
of the earth-ionosphere waveguide. By using a simple
sharply bounded isotropic model of the ionosphere to
determine A, and A; it was found that the appropriate
ionosphere height was about 85 km, confirming that
the mode interference was occurring in the nighttime -
portion of the path. Other earth-ionosphere waveguide -
models would of course have given slightly different
heights.

Although the data used in the above work yielded
a consistent picture, they pertained to a rather limited
situation since, as mentioned above, the two frequen-
cies were close together and the paths were in similar
directions. Nevertheless, for each path about 1 year
of data was available and used.

Since the earlier paper was written, thc author has
had an opportunity to exam‘ne more data of limited
duration but covering a much wide: range of frequen-
cies and directions of propagation. This paper will
he concerned therefore in demonstrating the extent
to which the new data confirm the earlier couclusions,
and in accounting for the difference.

Key Words: Sunrise fading, sunset fading, VLF piopagation. direction of propagation, phase

velecity, mode conversion.
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2. Experimental Data

Figure | shows much ol the new data. For each
path examined, the distance D was determined from
geumetry [Crary, 1965] and the obsorvid time between
signal minima (see paper 1).  The value of D was then
plotied agein et the approprinte begueney - The pmioes
NPM-Bo at 19.8 kefs and NBA-Fr |Brady et al.. 1963|
at 18 ke/s arc the mean of the observations given in
pagit. i. le data ar 16 i\\./lb Uit tlll ‘\.!l;"Bu ull‘*
NBA-Maui paths have been taken from previously
puklislied papeds [BEsly vt bl 1Wba, ] e 20-Kefs
points have been taken from | nonth’s ebscrvations
on NBA at Frankfurt [Eitzenberger. private comrauni-
cation], Maui [Katahara. private communicationl], and
Boulder [Stecle.  private  communication]. The
WWVL-Maui data are from Morgan and Blair [1965),
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FIGrre 1. Effect of frequency and direction of propagation on the
distunce, D, between minima at sunrise,

The small arrews at vach point <how qualitatively the effective direetion of propagation
with respeet 9 the horigon’al component of the earth’s wagnetie fiebt.  (Magneie North
is atiaw o o the pager The dashed lines show the vabses of 13 which woubd be expeetel
W the fonesphere conduetivity gradivnt was 0.5/km and for reterence heights of 9% km
earne bl Y0 K teurve 23

the NPM-Tokvo point from Nakajima et al. |1963),
while the NBA-New Zealand point is from the paper

by Burtt [1963].

Observations at Stanford Univer-
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sity on NSS (21.4 ke/fs) also are in conformity with the
data shown in figure 1, although they are not shown.

The small arrows attaclied to cach pomt in hgure |
are intended to show gqnahitatively the average bearing
of the pathl with espect to the diroction of the Hori-
zontal component of the carth’s magnetice field.  Thisx
averdge Deatiiy & weiidited b Tavor of the lower Tl
tude portions of the paths where the torizontal com-
ponent of the feld is greatest.

Figure 1 shiows two main effecis, that of Trequency
on D and that of the direction of propagation on 1),
These will wew e e mased.

3. Effect of Frequency

The data used in paper I were obtained for frequen-
cies of 18 and 19.8 kefs.  The range of frequencies
shown in fcure 1 is from 18 to 21 kefs, the mercase
resulting mainly from the change in frequency of NBA
from 18 to 24 ke/s.  This change produced relatively
little effect. the observations 2t Frankturt and Boulder
showing a small increase in D with the increase in
frequency. while at Maui there was essentially no
change. h should be noted that althongh D was
relatively unchanged by the change n frequency, the
shape of the snnrise phase curves was considerably
altered.  This is due to the much nereased ampiitude
of the second-order mode which ai times execeds
that of the first-order mode.  As a result (see paper 1)
the direction of the rapid phase change at the signal
minima is reversed. If we exclude the four points
for which D > 2400 kin, shown in figure 1. which will
be discussed later, it is clear that the remeinder are
in generai agrcement with the behavior shown by
the dashed lines. These lines show the valwes of
D computed from phase velocitiecs given by Wait and
Spies [1964] for isotropic ionosphere models which
can be represented in the form

w,= wdh) exp [Bth—2)],

where w.= /v at the height z and £ is the height at
which wh)=2.5X 10>, v and wy are the collision fre-
queney and angelar plasma tregneney at the height
z. The lines in fAgnre 1 are for h=80 and 90 kmr and
B=0.5. As noted above. they are in general agree-
ment with the experimental points helow D= 2100 km.

4. Effect of Direction of Propagation

Figure 1 apparently shows a very prononnced de-
pendence of D on the direction of propagation with
respect to the direction of the earth’s magnetice ficld.
If we divide the observations into three groups of
direction, namely. the quadrants centered on the cast
(NPM-Boulder, NBA-Frankfurt), on the north or sonth
(NBA-Boulder). and on the west (WWVL-Maui, NBA
to Maui, NPM-Tokyo and NBA-New Zealand). anl

take the mean value of D for each group irrespective
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of frequency, the results ean be represented as in
table 1. Despite the eonflicting WWVL-Maui resalt,
it can be seen that there is a strong dependence on the
direction of propagation.  his one discordant value,
W W VL (in Colorado) to Maui, shown in figure 1, is for
a path which has a mneh greater proportion (about
one third) of land along it than any of the other paths.
This does not explain the anomalous value, however.
Although there is little difference in the values of D
fur propagation to the east-and to the north or south,
the value of D for propagation to the west is appreci-
ably greater.

5. Source of Second-Order Mode

Fignres 2 and 3 show the average rates of change
of phase of the 18-ke/s signals from NBA as observed
at Maui [Brady et al, 1916b] at sunrise and simset.
The geographical relation of the transmitter, recciver,
and ierminator is also shown, At sunrise on this path
twhich occurs between 10 and 16 UT for the months
shown in Tig. 21, the depth of Tading increases as thic
terminator approaches the receiver. It is evident that
any second-order mode excited by the transmilter is
being propagated towards the receiver over inereasing
fengths of illuminated path in which the second mode

RATE OF CHANGE OF PHASE
(DEGREES IN 5 MINUTES)

10 12 14 HOURS 16
TIME, UT
-
R T
SUNRISE
NBA - MAUL
18kc/s

Rate of change of phase observed at Maui on the 18-kefs
signals from YBA at sunrise.

Fioure 2.

TABLE

threetion

Tu the cast .
To the north or south..
To the west
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Mean D thmi

oo
2025

2800

gl

is highly attenuated. Thus the inereased depth of
iading observed as the terminator approaches the
receiver is a result of the second-order mode generated
in the vieinity of the terminator.  Figure 3 for the sane
path at sunset (which commenees at the transmitter
between 00 UT and 02 UT) shows the effect of the
second-order mode  generated at  the transmitter,
The depth of fading is greate-t when the terminator
is closest to the transmitter and thus represents the
effect of the second-order mode. excited by the trans-
mitter. which is converted into a first-order mode at
the terminator.

These observations clarify an issue which could not
b decided im paper | thal & wliother wr not it was
necessary for the seeond-order mode to be excited
only by the transmitter. 1t is clear from the observa-
tions at Maui that this is not neeessary, and that the
second-order mode which is present in the nighttime

SEPTEMBER
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{ DEGREES IN S MINUTES)
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FIGI'RE 3. Rate of chauge of phase observed at Maui on the 18-kefs

signals from NBS at sunset.
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portion of the path can also be produced at or near the
leriainator.

6. Discussion: Effect of Direction of
Propagation

The most striking feature of figure 1 is the depend-
ence of D on the dircetion of propagation. This
suggests rather strongly thai it may be due to a
nonreciprocal effect on the difference in‘phase veloc-
ities of the first- and second-order modes.

Let us consider an idealized earth-ionosphere wave-
guide in which the earth and ionosphere are flat and
perfectly reflecting, but the ionosphcre changes the
phase ot the reflected wave by 0 radians. The guide
wavelength, A,, of the nth mode of a wave whosc
free-space wavelength is Ay is

A=h/ VI=C3, 2)

where
Cn=(n—5[27) (Ao/2h), 3)
and h is the height of the uniform ionosphere which is

assumed to have a sharp lower boundary. The
AMA: M

distance D=A2—)\| =nn is then given by
D = N/C3—C3) (\/2),

since
1/VI-C=1+}C

Thus

It is worth noting that when 6=, a reasonable ideali-
zation for a sharply bounded isotropic ionosphere,

D= 4’12/A0-

a result obtained earlier [Crombie, 1962} Equation
(4) shows that if D is to he increased by variations in
f. then 6 must increase. To the extent to which this
idealized model represents the actual case, the de-
pendence of D on the direction of propagation must
result from a value of 6, the phase shift on reflection,
which is greater for east-to-west propagation than for
propagation in the opposite direction. This is just the
behavior found by Barber and Crombie {1959] for a
sharply bounded ionosphere, and thus qualitatively
accounts for the observations.

D. D. Crombie

Equation (3) is a rather crude approximation since
loszes in the earth and ionosphere have been neglected.
As a result the guide wavelength A, as calculated from
(2). and the corresponding phase velocity which is
proportional to A,, might be in error. More exact
calculations for a sharpiy bounded ionosphere have
shown [Wait, 1962), however, that thc phase velocity
of the first-order mode is less for east-to-west propaga-
tion than for the opposite direction. This supports
the conclusin reached above since (2) and (3) show
that A, and hence the phase vclocity, is decrcased
when 8 is increased.

Wait and Spics [1964] have considered the case of
an ionosphere in which the electron density increases
upwards in an exponential model. They find. in this
case, that the effect of the magnetic field is to causc a
reduction in the phase shift on reflection for propaga-
tion to the west. Clearly, for the admittedly crude
model used here, this should produce a decrease in
in D for propagation to the west. (This is confirmed
by the second-order mode calculation for an exponen-
tial ionosphere in a supplement to Wait and Spies
{1964]) The difference in the effect of the earth’s
magnetic field on the reflection phase shift for the
two models confirms the views expressed by Wait
and Spies [1964] that at night the ionization gradient
is quite sharp. Thus the behavior is perhaps more
like that of a sharp rather than an exponential
boundary.

Further evidence concerning the dependence of the
phase velocity on direction of propagation is contained
in a paper by Swanson, et al. [1965]. in which it is
shown that at 10.2 kefs the diurnal variation on the
Hawaii-Canal Zore path is about 10 percent greater
for east-to-west propagation than for the opposite
direction of propagation. Swanson, et al. [1965]
indicate that the difference occurs at night. Thus
the nighttime phase velocity for east-to-west propaga-
tion is less than for propagation in the opposite direc-
tion. Provided that this differcnce is due to a change
in phase shift on reflection, (2) and (3) show that the
phase change on reflection, 6. must be greater for
east-to-west propagation than for propagation in the
opposite direction.  This is also in agreement with the
conclusions reached above,

7. Conclusions

The explanation of sunrise and sunset fading ob-
scrved on long VLF paths given in an earlicr paper is
coitfirmed by data for propagation in the opposite
divection to that initially used. Other data for differ-
ing frequencies and propagation direction are also
considered. It is found that thc difference in the
phase velocitics of the first- and second-order modes
under nighttime conditions is less for propagation
towards the west than for propagation towards the
east. This is found to be qualitatively consistent with
the results expected for a sharply bounded ionosphere
and a horizontal terrestrial magnetic ficld.
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Observations on signals received in darkness from
the east shaw that it is not necessary wat the second-
order made, which plays an impartant part in the
fading, be exeited by the transnitting antenna; the
evidence is that it can be adequately excited at or near
the sunrise terntinator.
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