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PHASE MEASUREMENTS OF VLF TRANSMISSIONS OVER A 11000 KM

TRANSEQUATORIAL PATH

R.R. Scarabucci and F. de Mendonga
Space Physics Laboratory
Comissao Nacional de Ai_:_ividades Espaciais
Sao Jose dos Campos, Sao Paulo, Brasil
Abstract

Phase measurements of 18.6 kHz Jim Creek's transmissions
were recorded during 1964 and 1965 at Sao Jose dos Campos ( SP ), Bra-
zil. The diurnal signal phase variation presents an average time shift
delay of 80 Us, which is rather regular throughout the year . Observa-
tions of solar flare effects during the period were utilized to determine
the product O N, of the effective recombination coefficient and elec-

-]
tron density at the reflection height. The value of 5.0x 10-4 8 obtained

for the product is approximately constant for all observed ﬂa;'es. The
behavior of the phase rate 6f change during sunrise and sunset is dis~-
cussed in terms of the interference pattern of propagation modes and in
terms of the angle between the sunrise ( and sunset ) line and the trans-
mitter-receiver great circle path. Experimental evidence permits one to
conclude that the phase-path reflection height is a strong controlling fac-
tor of the second order mode propagation. Observations also show that

the angle mentioned above is an important parameter in VLF phase stud-

ies,



1. Introduction

This paper presents erperimental results based on measure-
ments made in the Southern Hemisphere, at Sao Jose dos Campos,Brazil,
utilizing the 18.6 kHz signals of the NPG/NLK Station.The distance be-
tween transmitter ( 48.2°N, 121. 9°W ) and receiver ( 23.3%s, 45. W )
is 10950 km in an approximately northwest-southeast transequatorial
path, as is shown in Figure 1.

The diurnal variations of phase display an average day -to-
-night phase delay of about 80 Us (1.49 cycles). This value corresponds
to an increase in the height of reflection of 19 km, if one assumes the
day reflection height of 70 km and only one transmission mode , namely
n=1 ( Wait, 1962 ).

The latitudinal variations of ionization due to cosmic  rays
have little influence in the present case, since the geomagnetic field a -
iong the path presents a symmetry which is caused by the existence of
the Brazilian magnetic anomaly. Then, drifts in phase caused by the lat-
itudinal variatfonx of ionization should play a minor role in the predicted
diurnal phase variation. The horizontal magnetic field along the path is
shown in Figure 2.

Although observations took place in the period of 'the quiet
sun, six flares were recorded and, due to the quality of the data obtained,
it was possible to use all of the observed flare effects to measure the
product Qe Np = 5.0 x 10'45-1, a value approximately constant for all

observed flares.
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Fig. | — VLF transmission path NPG —Jim Creek to

Sdo José — Brazil. Also shown are 3 approximate

geomagnetic meridians.
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The behavior of the phase rate of change is such that during
sunrise one may observe up to Nive points of maxymum. These points o
cur witn 2 certain regularity during the summer momhs in the southern
hemisphere { negative deciination of the sun ), but uterally disappear
during May, June and July. During sunset these pointg of maxirnum rate
of change of phase are observable only in the neighborhood of June and
with less intensity.

There are iwo seagonal regions where the mentioned max-
ima are not observables. An explanation of this pheénomenon i€ given bas
ed in the behavior of the path reflection height during the year and in
terms of the angle between the sunrise ( and sunset ) line and the trans-
mitier-receiver great circle path.

Crombie { 1964 ) has shown that the points of maximum rate
of phase variation correspond to points of fadings in signal amplitude .
Thus, for simplicity sometimes we refer to fadings in this paper al-

though we are dealing with phase measurements only.
2. Equipment

Fhase-locked reception of VLF signals allows determination
of frequency to an accuracy that is generally several orders of magni-
tude better than that obtainable by reception of HF stations sucn as WWV
or WWVH over an equivalenl‘ observational period. Frequency m(;asure-»
ments to an accuracy of 1 part in 107 can be achieved in intervals as
short as 30 minutes; observation over 24 hour intervals gives a meas-

/

R 11 .
urement accuracy of several paris in 1077 { Pierce, 1957 ),
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A crystal osciilator was used to produce the local reference
frequency which was adjusted to stay within 1 part in 109 to the frequency
of NPG/NLK. The system used is comprised of a transistorized Textran
Model 599 CS VLF Tracking Receiver which incorporates a VLF receiver,
phase comparator and servc phase shifter for automatic phase - locked
operation. A front panel digital dial continuously displays the shaft posi-
tion of the phase shifter. This display may be interpreted as the differ-
ence in the time that would be indicated by two clocks, one synchronized
to the incoming VLF signal and the other to the local standard. Outputs
for a chart recorder are provided so that a permanent record of time
difference can be made. This phase shift was recorded in microseconds
with a precision better than 0.5 microsecond.

3. Brief Remarks on D Region
and VLF Propagation

Radiations of solar origin penetrating below 85 km inthe ter-
restrial atmosphere are: (1) X-rays of A<10 K; (2) Lyman-QL (1215. TK)
and (3) wavelenghts greater than 1800 K . These radiations can ionize (1)
molecular nitrogen and oxygen; (2) nitric oxide and (3) atoms of sodium
and calcium. Molecular oxygen and nitrogen are also ionized by cosmic
rays. It is possible to explain normal conditions of ionization by cosmic
rays and Lyman-C( ( Nicolet and Aikin, 1960 ). Conditions and effects due
to solar flares must be explained in terms of X-rays fluxes. At 70 km ,
the height where the reflection of VLF electramagnetic waves possibly

takes place,the ionization is mainly due to cosmic rays and Lyman-.

'
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Production of ions-pairs by cosmic rays,at a given time,var-
ies with magnetic latitude, thus the reflection height is not constant a-
long a path that crosses different magnetic latitudes.

With the occurrence of a SID ( Sudden Ionospheric Disturb-
ance ) the production function varies abruptly changing the reflection
height of VLF waves. As soon as the event is over the ionosphere re -
turns slowly to the equilibrium state.

One of the effects observed on the earth as a result of solar
flares is a sudden decrease in the phase-path height of long-wave iono-
spheric reflections. Such effects, called SPA ( Sudden Phase Anomalies)
are explained by extra ionization due to X-rays, that penetrate below
70 km. Observations show that this decrease in phase is very fast, after
which the phase returns slowly to its normal variation., A relationship
exists among the change in phase height during the decay time, the time
of decay and the local value of the recombination coefficient. Mitra and

Jones ( 1954 ) showed that for large flares

: '"(Q%_vj? (1)

Nz . (Tz"

Ry

where (¢ is the effective recombination coefficient at the height of re-
flections; QS, and Qz are the values of the phase just after the maximum
effect (t]) and at a suitable chosen time ty during the decay period re-
spectively, as indicated in Figure 3. Ny is the electron density required

for reflection of the incident wave,
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Fig. 3- Typical flare effect and involved parameters.
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Equation 1 is an approximation obtained by assuming that the
increment in electron density (AN) due to the solar flare is much great-
er than the normal electron density (N), and assuming algoc O 4 as be-
ing constant at the heightinterval  hy = h >(h,— Ah) ,where h, ie
the reflection height at normal conditions and Ah the abrupt variation in
reflection height due to the flare, The value of Oigyat 70 km is of the

- 3
order of 10 cm.s

The phase of VLF signals received over short and long dis -
tances varies diurnally in a trapezoidal manner, This diurnal wvariation
has been interpreted as being due to a change in reflection height be-
tween day and night. Calculations indicate the reflection heights to be 85
to 90 km at night and 70 to 75 km during the day ( Bracewell et al., 1951;
Pierce, 1955, 1956; Wait, 1962 ).

Long distances VLF propagation is best described theoreti-
cally by guided-wave theory ( Budden, 1951; Wait, 1962 ) in which the
earth and the ionosphere are considered to be the sharp boundaries of a
lossy wave-guide. The " sharpness ' of the ionosphere is justified by the
fact that the variation of electron density with height is very fast com-
pared with wave-lenght in the vicinity of the reflection point.

We will consider only transverse magnetic propagation modes
of order n (TM,). Wait (1962 and 1963a) showed that a good approxima-
tion to the phase velocity in the earth-ionosphere wave-guide is given by

the expression: -l/2

- _l _)s(n_l/z)z
Von GQ B B e g } (2)
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where th

Vpn is the phase velocity of the n*" transverse magnetic mode,

h  height of upper boundary,

velocity of light,
A wavelength in free space and
Q earth's radius.
th ¢

For the n* mode the phase~path length ¥, in cyclesis given

by: ¢ _gde (3)
" AVen

where d is the path length,
By combining equations 2 and 3 and setting n=1, we find that

the phase change AQSfor a reflection height change from h, to hg is

L e Rhithe) | 1 _
AP =~ [2::* 32 1 b ] h-h) (4]

Generally this eqqatton is used assuming an average height of
reflectidn of 70575 km along the path during the day (h|) and an average
height of 85-90 km at night. Naturally this height varies with the zenith
angle of the sun and with magnetic latitude.

Lately, concerning the field of VLF research,some emphasis
has been put in the study of fadings in the sunrise and sunset patterns.The
discussions of the sunrise and sunset fadings made by Crombie ( 1964 )
and measurements made by Bates and Albee ( 1965 ), show that the pro-

pagation of the second order mode may affect strongly the diurnal varia-

tion of phase and amplitude of VLF signals.The above results show that
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the discrepancies observed treating propagation with only one mode can
be justified with a model utilizing interference between independently pro
pagating waves. .Sunrise and sunset interferences seem to be caused by
mode conversion that may produce a sirong disturbing wave (Wait,1963b).
This mode conversion takes place at the suarise or sunset transition re-
gion along the propagation path in the D region.

By this model, for the west-to-east propagation, it is assum-
ed thai, at sunrise, the two modes sgoited by the transmitter in the mght
time wavegeide are converted at or near the sunrise poundary into  iwo
first order modee and two second order modes, Thege second order
modes thus generated are attepuated at the illuminated path and one first
order mode will interfer with the other first order mode giving the ob-
served sunrise fading pattern. At sunset the {irst order mode is convert
ed back into a first and 2 sscond order mode ak the sunset boundary.,

if thig is true, at least ihe second order mode is reievant at
night and {ee phase measured &t nignt is the composilion of modes 1 and
2. It scems that this phenomenon is the principal source of small devia-

tions of the predicted values obtainable by the Wait formutation,
4, Experimental Resulls

We shall discuss now the phase measurements made at Sao
José dos Campos utilizing the signals transmitted from the station NPG/
NiLK at 18.8 kHz { Ji.ﬁl Creek ).

For the purposs of discussion we shall ireal the present top-

ic in three parts, namely, obzerved phase averages,obzerved solarflares
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and phase rate of change patterns,

4.1 - Observed Phase Averages: Figures 4a to 4g show the monthly av-
erages of phase measurements of the 18,6 kHz NPG/NLK signals., The
two curves shown in each figure represeni measurements made during
months of approximately the same sun's declination,

In general, all curves present a diurnal phase variation of
about 80 microseconds, which corresponds to an increase in reflection
height of ai:out 19 km, taking only the first order mode and a reflection
height of 70 km during the day. This value is in good agreement with the
mode theory ( Budden, 1951; Wait, 1962 ).

Sunrise and sunset lines are drawn in the curves of June and
December. The curves for sunrise and sunset at height of 70 ksm were
calculated for screening height ( ozone layer ) of 30 km (Brady and
Crombie, 1964 ).

At sunrise or sunset the curve of phase variation runs par-
allel and between the curves of 70 km and ground illumination. This oc-
curs in a similar fashion for all the other months ( not drawn ).
4.2 - Solar Flares : Figures 3 and 5a to 5e show the reduced data of the
observed flares during 1965. It is quite easy to reduce the data ( phase
variation during SPA ) with some accuracy because the signal/noise ra-
tio of NPG/NLK signal is high at Sao Jose dos Campos, Figure 6 illus-
trate the recording of a solar flare observed on 5 June 1965.

With the curve of reduced flares and applying equation (1)

from the theoretical studies of Mitra and Jones, we obtain the wvalues in
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Table I, where the reflection height variation was calculated by means of

the formula:

(5)

which is a first order approximation ( Westfall, 1961 ),

&

TABLE I

Calculated values of the product O eyN, for six flares, using
a suitable time interval (t2 - tl) of 1800 seconds.

Solar Flares Ah SZEI
(1965 ) (km) ¢ 10-4 g-!

I
11 April 14.9 UT 2.4 3.2/10.0 5.0
15 May 18.5 UT 1.6 1.6/7.0 5.2
16 May 19.0 UT 2.0 3.0/9.7 5.0
5 June 18.0 UT 3.9 7.0/17.17 i 9
1October 20.0 UT 3.4 '7.1/15.4 4.4
2 October 15.8 UT 2.9 4.7/12.9 4.8

The height hy before the flare was taken as 70 km for all flares. The cal-
culated value of CLe,is an approximated average along the path, at the
vicinity of the height of 70 km. It is interesting to note that although the
observed flares belong to distinguishable classes (Ah varying from 1.6
to 3.9 km ) the value of K4¢Np is approximately constant and equal to
&.0x 10- s-l . For example, if we take the electron density at reflection
height as 300 cm_s we obtain the effective recombination coefficient equal

-6 3 -1
to 1.7x10 cm .8 , an acceptable value at 70 km.
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The discrepancy in the value of the product N> obtained

from the flare of 1 October 1965, namely a value that is less than those
obtained for the other days, can be justified on grounds that it was dif-
ficult to get correctly the normal behavior at the time of occurrence of
the flare ( beginning of sunset ) and also it probably corresponds to a
height above 70 km.
4.3 - Patterns of the Phase Rate of Change: During suntise and sunset
the phase rate of change of the VLF signals display patterns with several
points of maximum which have been observed in the reception of 18.6 kHz
NPG/NLK signals at Sao Jose dos Campos. It is possible to identify up
to 5 points of maximum rate of change of phase during the sunrise and
3 points during the sunset.

The most interesting feature of these observed points of maxi
mum phase change is that, when the sun's declination varies from - 23°
( S0 José dos Campos ) to approximately 11° ( half of the path) it is
possible to observe them only during sunrise. For these declinations of
the sun the phase variation at sunset presents a smooth pattern. Figure 7
shows a typical diurnal variation for this situation.

On the other hand, when the sun's declination is close to 23°
( nearer the transmitter ) the situation is reversed, i.e., it is then pos-
sible to observe sunset and not sunrise points of maximum phase rate of
change. Figure 8 shows a typical diurnal variation of phase for these
cases.

There are two seasonal epochs ( April-May and July-August )

when the mentioned points are not detectable, i.e., the phase varies di-
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urnally in a regular trapezoidal fashion.

Some regularity in the times of occurrence of maximum phase
variation, following seasonally the sunrise curves is observable,as illus-
trated in Figure 9. It is difficult to obtain points of maximum rate of
change at sunset with a certain accuracy and the mentioned seasonal var-
iation is not presented for these cases.

In what follows we will try to give an explanation of these ob-
served effects in the phase variation. One of the first measurements of
this type of phenomenon ( Crombie, 1964 ) were made dealing with paths
close to the west-east direction in middle latitude reception.In our case
however we are dealing with a path that can strongly control the behavior
of the second order mode. Note that the sun'’s declination is within the
latitude range between transmitter ( 48, 2° ) and receiver (-23. 52 .

Let us consider now the influence of variation of the sun's
declination on the geometry of the problem.

SOUTHERN SOLSTICE: Figure 10 is a sketch of the path reflection height

during the southern hemisphere summer.

sunset

transition sunrise
night Nsiﬂm
day

s B i i il s

Fig. 10— Sketch of the path reflection height during
the southern hemisphere summer.

At this time the reflection height is larger at night near the

transmitter, i.e., bottom of E region in northern hemisphere winter
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( Parkinson, 1956 ). Then, the second order mode may propagate with
low attenuation for long distances ( for example, 2. 2 db/1000 km for h =
100 km ) and have comparable amplitude to the first order mode ( =~ 1.6
db/1000 km ). Thus, at the sunrise transition line the second order mode
may have an intensity sufficiently high to excite a first order mode ( and
a second order mode that will be attenuated at the illuminated path) of
amplitude high enough to produce interference, at the receiver, with the
first order mode excited by the first order mode of the dark path. This
model also shows that the fadings will be enhanced when the sunrise tran
gition is nearer the transmitter, 2 fact that was ascertained by Crombie
( 1964 ) and now by the present measurements,

At sunset, the second order mode excited by the first order
mode of the illuminated path is greatly attenuated on the part of the path
near the receiver, where the bottom level of the E region is low at sum-
mer nights ( for example, 4 db/1000 km at h=80 km ).

In view of this, it may not be possible to observe sunset fad-
ings at the receiver, close to the southern solstice, a conclusion which
is confirmed by our phase measurements. This behavior was also ob =
served by Crombie ( 1964 ) in the sunset measurements of the NPM -
Boulder path, when it was di,fﬁcult to observe sunset fadings in summer.
However the NPG - Sao Jose dos Campos path is transequatorial; thenthe
interfering second order mode must cross a region where the reflection
height is low, i.e., high attenuation. Alternatively there are indications
that the angle at which the sunrise ( sunset ) line crosses the path ap -

pears to influence the amount of mode conversion at the transition in the
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waveguide height ( Crombie, 1964 ). Here, there are also evidences that
the path may control this conversion factor. Figure 11 shows the varia-
tions of the angles between suunrise line and path (((g) and sunset line and
path (g) for solar declinations varying from -23. 5° to 23.5° .

It is clear that not only the reflection height controls the at-
tenuation of the second order mode as explained previously but also the
conversion factors vary in the same sense . We observe that for solar
declination varying from -23.5° to approximately 11° Ly is always
large mainly in the half path near the transmitter (Oly >30°). Hence for
the geometry under consideration high altitude of the bottom of E region
is attained concomitantly with high X r, resulting in low attenuation of
the second order mode at night and also a high conversion for the inter-
fering first order mode. For positive solar declinations it is difficult to
observe fadings when the sunrise line is near the re-ceiver by two rea-
sons, namely the second order mode must travel a region of high at-
tenuation and o is small in this half path, Figure 12 shows two days
where only three points of maximum rate of change were observed. It
seems that it was not possible to generate the interfering first order mode
near the receiver.

For the corresponding sunset phenomena the situation is
more complicate. In fact, for negative solar declinations, not only the
reflection height behavior corresponds to high attenuation for the inter-
fering second order mode as also (Lg is small in the entire path. But,
for positive declination of the sun (g is large and the reflection height

at night is higher near the receiver. Considering the discussion above
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one may conclude that after March it should be possible to observe sun-
set fadings. However the mode generation phenomena of'the two types of
fadings are different because sunrise fadings are generated by the second
order mode excited directly by the transmitter and the sunset fadings are
generated at the sunset point transition by the wave of the first order
mode propagating at the sunlit part of the trajectory. Also the horizon-
tal gradient of the reflection height produced by the sunrise line is sharp
er ( photodetachment ) than that produced by the sunset line.

It appears from the experimental results that on the sunrise
transition the excitation of the interfering mode in the waveguide trans-
ition is larger than that obtained at sunset transition.

The above explanation seems to justify the fact that sunset
fadings were not observed when the solar declination varied from -23.5°
to approximately 20° as displayed in Figure 11,

NORTHERN SOLSTICE: Figure 13 is a sketch of the path reflectionheight

during the southern hemisphere winter,
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Fig. 13— Sketch of the path reflection height
during the southern hemisphere winter.
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Still considering sunrise effects it is known that the reflection
height at night near the transmitter is lower ( bottom of E regioninnorth
ern hemisphere summer ) than the previous case, and second order mode
will travel along a region of low reflection height near the transmitter ,
suffering high attenuation. This is concomitant with low values of
which is associated with low conversion factors. These conditions imply
in low excitations level of the interfering first order mode in the illumi-
nated path and may account for the absence of fadings in the observations
at sunrise, as we have verified. At sunset the second order mode excit-
ed by the first order mode of the illuminated path may propagate with low
attenuation only near the receiver ( high bottom level of E region in the
winter of the southern hemisphere ). Also O.g is large in the entire path
(d.g > 56°). This will imply in fadings occuring only when the  sunset
transition is near the receiver if the attenuation were the main control-
ling factor of the process. This is in agreement with the experimental
observations.

The previous discussion shows that it is possible to exist a;
time period where the interfering modes are so negligible that fadings
are not recorded. This occurs in the NPG-Sao Jose dos Campos path .
The seasonal asymmetry in the epochs where fadings are observable or
non-observable appear to be the result of a compromise between at -
tenuation ( reflection height and geomagnetic'field along the'path ) and
g or &4 along the path.

These points require further investigations.
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5. Conclusions

From two years ( IQSY ) of phase measurements on VLF trans
missions in a northwest-southeast transequatorial path ( Jim Creek - Sao
José dos Campos ), the following features are noted:

1. The diurnal signal phase variation presents an average
time shift delay of about 80 Us.

2. Observations of six solar flares of distinguishable impor-
tances lead to the value of 5. 0x10‘4s"1 for O g¢Nz . This number agrees
very well with the corresponding value of the effective recombination co-
efficient at a height of 70 km encountered in the literature.

3. The behavior of the phase rate of change during sunrise
and sunset have the following characteristics :

a. It presents up to five points of maximum during sunrise ;

b. It is difficult to observe sunrise maxima in phase rate caused by mode
interference generated near the receiver for positive solar declina-
tions;

c¢. The points of maximum referred above Aliteraly disappear in the winter
of the southern hemisphere;

d. Sunset points of maximum phase rate of change are observed only in
the winter of the southern hemisphere (d >+ 20° ) and with less inten-
sity;

e. Only sunset phase rate maxima generated near the receiver are ob -
served;

f. There are two seasonal regions when 3unrise and sunset phase rate

maxima are not observables.
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4. An explanation of these experimental results concerning
the patterns for phase rate of change is given as follow . It is suggested
that the night reflection height of the path is a strong controlling factor
of the second order mode propagation. There is evidence that the conver
sion factor at the sunrise ( or sunset ) line is also controlled by the angle
between the sunrise ( or sunset ) line and the transmitter-receiver great
circle path. The possibility of observing the presence or absence of the
mentioned patterns during sunrise ( or sunset ) appear to be a compro-
mise between attenuation ( reflection height and geomagnetic field along
the path ) and the angles referred above. The seasonal variations in the
reflection height at night appear to be larger than the values encountered
in the literature at present.
Undoubtelly, further investigations is needed for the explana

tion of the details of the modes conversion at the shadow line.

The authors express their thanks to Mr. Santo Casalli for
programming and computing, and Miss Raquel L. Biondo for data reduc-

tion.
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