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Andlysis of Sweep Frequency Oblique Polar Region
High Frequency Radio Propagation Measurements

1. INTRODUCTION

Sweep frequency HF radio observations of the ionosphere have been carried out
at vertical incidence for a long time. These measurements have been used to cal-
culate the maximum usable frequencies for oblique radio communication purposes
and, in general, the relationships developed between vertical and oblique propaga-
tion data have been verified.

In the polar region, where the experiments analyzed in this report have been
conducted, the short-term variations in HF propagation conditions have never been
explained adequately. As far as the models that have been developed to describe the
ionosphere at these latitudes are concerned, the question as to how successfully
these models account for short-term HF propagation conditions or whether they can
be employed to make useful predictions of these conditions has not been answered
as yet.

This report is an analysis of the measurements made during six oblique HF
sweep frequency experiments conducted in the polar region during 1974 in the
months of February, March, May and July. Each experiment involved the use of
a pair of identical sweep frequency sounding systems; one on the ground at the
Goose Bay Ionospheric Observatory, Labrador, and the other installed aboard the
Airborne Ionospheric Observatory—USAF NKC-135 jet aircraft.

(Received for publication 26 April 1977)
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The six experiments analyzed in this report were designated by their Julian
Day numbers: 58, 60, 141, 142, 193, and 196. Figures 1 to 6 are geographical
plots of the flight paths followed during each of the experiments while Figures 7
to 12 are plots of the same six flight paths in corrected geomagnetic coordinates. 1
In addition to the flight path, which is indicated by the inner line, the midpoint of
the path is indicated by the outer line, and the position of Goose Bay is indicated,
at regular intervals, by the dots just outside of the outermost latitude circle
shown (65°N).

As the aircraft flew northward from Goose Bay during all six of the experi-
ments analyzed in this study, simultaneous ionospherically propagated oblique
soundings between Goose Bay and the aircraft in both directions were made at 5-
min intervals. Each sweep extended either from 4 to 14 MHz or from 6 to 16 MHz
but was one or the other throughout each experiment. The maximum great circle
distance in any experiment between Goose Bay and the aircraft was <545 km. The
experiments lasted for approximately eight hours each.

2. DETERMINATION OF THE MOST PROBABLE MODES OF PROPAGATION

In this report, the most probable propagation modes of the received signa® have
been identified for the six airborne experiments mentioned above. The frequency
window for each mode at each instant of time was also measured. In an 8-hr =xperi-
ment, there would be a total of 192 oblique incidence ionograms and, in six such ex-
periments, a total of 1152 of them. From this large number of ionograms, those that
indicated the emergence of new modes and the disappearance of old modes were
selected along with enough intermediate ionograms to insure continuity. Only
ionospherically propagated modes were considered.

The major tools used in this study to determine the most probable observed
modes of propagation were: The Chapman-Davies-Lit‘tlewood2 technique for the
determination of group-path delays between unsynchronized bistatic pulsed trans-
mitters at an arbitrary separation in distance; group-path calculations based on a
geometrical-optics specular reflection model consisting of two perfectly conducting
spheres concentric with a spherical earth and located at heights representative of the
E layer and the F layer; and the group path delay calculations of the Elkins-Rush
HF Polar Predictive Model. The appearance of the individual traces as well as the
continuity from ionogram to ionogram were also valuable tools.

I._Wlﬁen, J.A. (1970) Auroral Oval Plotter and Nomograph for Determining

Corrected Geomagnetic Local Time, Tatitude, and Longitude for High
Latitudes in the Northern Hemisphere, AFCRL ERP No. 327.

2. Chapman, J.H., Davies, E., and Littlewood, C.A. (1955) Radio observations
of the ionosphere at oblique incidence, Can. J. Phys. }3:/13—7 22
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Figure 2. Geographical Flight Path of Experiment 60
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Figure 4. Geographical Flight Path of Experiment 142
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Figure 5. Geographical Flight Path of Experiment 193
Figure 6. Geographical Flight Path of Experiment 196
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Briefly, the Chapman-Davies-Little-
wood technique for the computation of the
T
equivalent path of a signal in a bistatic
|

configuration is shown in Figure 13.

P 5 " the interval between the triggering
i of the equipment at A and the

reception of the signal from B
at A,

of the equipment at B and the

reception of the signal from A
at B.

pAB = the equivalent path between
A and B.

PBA = the equivalent path between
B and A,

i
|
j
|
[
|
P = the interval between the triggering e
|
i
I
i

From the figure,

atPp*Pap* Ppy -

Assuming the validity of the theory of reciprocity,

P P

AB~ "BA

and therefore,

- o |
PAB = PBA = Q-(PA+ PB) .

Figure 13.

|
1| T=TRANSMITTED SIGNAL

R=RECEIVED SIGNAL

Timing Cycle

The results of these calculations have been plotted as functions of time for

comparison with geophysical phenomena.

The exact dates and times at which the six experiments were conducted, all in

1974, are as follows.

Table 1. Dates and Times When the Experiments Were Conducted

Experiment Date and Universal Time Date and Universal Time
Number of Start of Experiment of End of Experiment

58 2100, 27 February 0320, 28 February
60 0005, 01 March 0802, 01 March

141 1749, 21 May 0158, 22 May

142 2036, 22 May 0433, 23 May

193 1448, 12 July 2225, 12 July

196 1445, 15 July 2206, 15 July

17




Henceforth, the most probable modes determined in the manner described
above will be referred to simply as the observed modes. The observed modes
were all one-hop E, one-hop F, two-hop E, or two-hop F.

Figure 14 is a plot of the frequency windows observed during all six of these
experiments for the one-hop E Mode. This mode was observed very extensively
during all of the six experiments whereas the other three observed modes were
relatively sparse both in time and in frequency bandwidth. This fact is of interest
in itself and has led to an emphasis in this analysis on the one-hop E mode of
ionospheric propagation.

In Figure 14, the distances of the aircraft from Goose Bay at the time when
the signal was first detected at the aircraft, at the turning points of the flights,
and at the time when the signal finally ceased to be detected are indicated in
parentheses. The final loss of the signal at the aircraft in these experiments was
due either to the fact that the distance between the transmitter and the receiver
exceeded the possible distance usually consistent with a one-hop E mode of propa-
gation or because the aircraft was approaching Goose Bay, Also shown by crosses
along the horizontal axis are the times when various types of equipment malfunction
prevented any transmission from being detected. Other anomalous events are also
indicated by special notations: such as the letter T (for Turn); C (for Circle); or
S (for Auroral Substorm).

Generally speaking, the nbserved signals are characterized by an abrupt onset
with many total breaks in reception not associated with equipment malfunctions,
with sudden variations of the LOF and MOF, and an abrupt termination of reception
as the aircraft approached Goose Bay on the final leg of each flight,

It would be very desirable to account for all of these characteristics. Do
existing models account for them or is additional research required?

2.1 The Elkins-Rush HF Polar Predictive Model

An intensive effort has been made to compare the observed results of the six
experiments discussed above with results calculated a-posteriori under identical
conditions for the same six experiments by the Elkins-Rush HF Polar Predictive
Model, 3+ 4
and the prescribed calculations were also made at 5-min intervals to match the

The same identical flight paths were used in all six of the experiments
precision of the observations mentioned above,

3. Elkins, T.J., and Rush, C.M. (1973) A statistical predictive model of the
polar ionosphere, Air Force Survey in Geophysics, (No. 267):1-100.

4. Barkhausen, A.F., Finney, J.W., Proctor, L.L., and Schultz (1969)

Predicting LLong-Term Operational Parameters of High-Frequency Sky-Wave
I'elecnmmum‘caiions Sys{em, FSSA Technical Report rFRE 1!0-1'7%73.
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Dr. Elkins, 8 in a document dated 3 September 1975, has stated that one must
""Recognize the fact that the computer program (Dr. Flkins is here referring to

the computerized Elkins-Rush HF Polar Predictive Model and its ability to make
accurate short-term propagation predictions) addresses median conditions only,
and that some use of supplementary data is necessary to apply to an actual scenario
(for example, what value of fEs is needed to explain certain MUF data, and is it a
reasonable one). "

This report has shown that the supposition of Dr. Elkins (quoted above) in his
3 September 1975 document is not correct. It is clear from the results of the
analysis of these six experiments that results computed by means of the Elkins -
Rush HF Polar Predictive Model in an actual "'scenario' cannot be adjusted by the
application of supplementary data in such a way that an accurate description of the
observed short-term propagation conditions can be achieved. The application of
supplementary data to actual scenarios, such as the six scenarios examined exten-
sively in this study, would not result in a modification of the results produced by
performing the calculations designated by the Elkins -Rush HF Polar Predictive
Model so as to make them accurately predictive of the observed short-term HF
Propagation conditions. An analysis that proves this will be presented in Section 4
of this report.

The results calculated by the Elkins-Rush HF Polar Predictive Model will
henceforth be called the '"predicted' results —the quotation marks indicating that the
calculations were performed by Dr. Elkins' group long after the experiments were
conducted and at a time when all of the values of the solar-geophysical input param-
eters were already available and were used. Hence the results were not predic-
tions in the true sense of the word.

Figure 15 consists of plots of each one-hop E mode '"predicted'" by the Elkins -
Rush HF Polar Predictive Model under optimal conditions for all six of these ex-
periments. Although the ''predicted' results actually maintain the same LOF and
MOF between the points indicated in Figure 15 by the dots and abruptly change the
value of the "predicted'" LOF and MOF to the new values indicated by these dots,
these plots have been smoothed by connecting the dots by straight-line segments in
order to improve their appearance.

A comparison of Figure 15 with Figure 14 shows clearly that there is essentially
no similarity between the observed and the 'predicted" signals and, therefore, the
use of supplementary data could not bring them into conformity. A perusal of ref-
erences (3) and (4) as well as a study of Figures 38 and 39 will make this statement
abundantly clear. Comparison of Figure A1l with Figure A2, Figure A6 with Fig-
ure A7 and Figure A1l with Figure A12 will erase all residual doubts.

5. Elkins, T.J. (1975) Private Communication.
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3. GEOPHYSICAL CONSIDERATIONS

3.1 The One-Hop E Mode of lonospheric Propagation

An attempt has been made to account for the propagation conditions observed
during these six experiments in geophysical terms. It is particularly important
to take existing geophysical knowledge into account as far as the polar ionosphere
is concerned in order to achieve any significant rationalization of the observations.
In this part of the study, only the one-hop E mode will be considered. The less

extensive observed modes will be examined in Appendix A.
3.1.1 STATISTICAL STUDILS

Statistical studies conducted during this analysis have shown that there is no
significant relationship between the instantaneous values of Kp and AE and the
instantaneous characteristics of the observed signal. However, the magnetic Q

Index does have a significant relationship.
3.1.2 DEFINITION OF PROPAGATION EVENTS

In the course of these six experiments, the characteristics of the observed
signal received via ionospheric propagation were not constant. Those variations

' This includes all of

which have been deemed significant have been called "events. '
the variations that were observed except for 32 variations of the LOF and the MOF
that had magnitudes of 0.5 MHz or less.

One type of propagation event that is particularly significant consists of the S
and E events. These are defined as follows.

S1 = The first appearance of a signal at the aircraft during an experiment sub -
sequent to its departure northward from Goose Bay.

El = The disappearance of the signal, subsequent to the occurrence of an Sl'
at a distance compatible with the normal maximum range of a one-hop E mode of
ionospheric propagation.

S2 = The reappearance of the signal after the aircraft has gone beyond the
distance normally compatible with the maximum range of a one-hop E mode of
ionospheric propagation, proceeded northward, and turned around moving south~
ward so that it is again at a distance from Goose Bay compatible with the usual
maximum range of a one-hop E mode.

E2 = The last appearance of the observed signal during an experiment at the
end of a southward leg of a flight path as the aircraft approaches Goose Bay toward
the end of the experiment.

(When any of these subscripted letters is primed, it means that there is some-
thing anomalous about the event and this anomalous characteristiic will be explained

within this report.)
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All other propagation events must occur between the times of occurrence of

particular S and E events. The other propagation events which occurred during these
six experiments include the total disappearance and the subsequent return of the
signal at any time between S1 and El’ or 52 and Ez; or just between S1 and E1 in

the event that the aircraft never went beyond the usual maximum range for a one-
hop E mode of propagation. This latter circumstance happened in Experiments 58
and 141 but not in Experiments 60, 142, or 196, Experiment 193 is special because,
although the aircraft went beyond the normal one-hop E mode propagation distance,
the data for the outgoing leg and part of the ingoing leg are not available. There-
fore, it only has an S2 and Ez. Any increase or decrease in the value of the LOF

or MOF that was > 0.5 MHz was also considered to be an event. This includes all
of the fluctuations of the LOF and the MOF except for the 32 cases mentioned above.
The inclusion of these variations would not affect the results of the study to any
noticeable degree and, by excluding them, the probability of including random fluc-
tuations is diminished.

There was a grand total of 174 events, as defined above, during these six
experiments in all of the observed modes. Later in this report, some of these
events will be excluded from consideration for reasons that will be explained at the
time.

3.1.3 TEMPORAL CHANGES IN RELEVANT PARAMETERS

An investigation was made of the behavior of the observed HF signal at the
times of changes in geophysical parameters that might be expected to produce sig-
nificant changes in the observed results in an attempt to discover a significant
temporal correlation.

Figures 16, 17, and 27 are identical to Figure 14 except that the temporal
changes in various parameters are marked along the horizontal axis at the time
at which they occurred.

Figure 16 shows the times, during all six of the experiments studied, when
the geomagnetic index AE changed, within five min, by a value between 50 ¥ and
100 ¥ (shown by short lines perpendicular to the horizontal axis); the times when
AE changed, within five min, by a value between 100 ¥ and 200 y (shown by longer
lines perpendicular to the horizontal axis); and the times when AE changed, within

five min, by an amount greater than 200 ¥ (shown by very long lines perpendicular
to the horizontal axis). These changes are not significantly related to the behavior
of the observed signal.
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The Magnetic Index AE was devised to be a measure of global electrojet
activity. 6 At any given time, anywhere from five to eleven auroral zone stations
contribute to the calculation of the Index. The horizontal component of the geo-
magnetic field (after elimination of the quiet day variation) at each 2. 5-min interval
at each of the contributing stations is plotted against UT on a common scale. Two
envelopes are then drawn to embrace the upper and the lower points. The AE
Index then consists of the numerical difference in gammas between the lower and
upper envelopes at each 2.5-min interval. For our purposes, the 2.5-min value
can be considered to be instantaneous (that is, there is no practical necessity to
take into account any possible uncertainty in the putative time of their occurrence).

,8

It has already been stated that the planetary Kp lndex7 did not correlate sig-
nificantly, in a statistical sense, with the characteristics of the observed signals
during these six experiments. Kp is the mean standardized K index from 12 obser-
vatories lying in northern and southern latitudes between 47° and 63° geomagnetic
latitude. The K Indices for the individual stations are determined from the largest
of the maximum ranges of the most disturbed of the three components of the geo-
magnetic field during the 3-hr intervals at each station starting with the interval
0000 UT to 0300 UT. Kp is essentially a measure of mid-latitude activity but,
during periods of great magnetic activity, the auroral electrojets may move
equatorward so that high values of the magnetic Kp Index are influenced by the
auroral electrojets as well as by the equatorial ring currents. In this report, it
was also shown that the times when Kp changed from one value to another, accord-
ing to the convention described above, did not relate at all to the propagation events
mentioned above. These plots will not be shown here since the lack of correlation
is so obvious.

Figure 17 shows the times during all six of the experiments when the values of
the Index Q changed from one value to another. These times are indicated by short
lines perpendicular to the horizontal axis. The numbers between the lines indicate
the values of Q during that time period.

Whereas the magnetic Index K measures the range of the variation of one of
the three magnetic components that is most disturbed over a 3-hr period as stipu-
lated above, the magnetic Index Q measures the total deviation from the normal
quiet day curve in the polar region9 in 15-min intervals of which the first for

6. Davis, T. Neil, and Sugiura, Masuhisa (1966) Auroral electrojet activity index
AE and its universal time variations, J. of Geophys. Res. Ll(No. 3).

7. Bartels, J. (1938) Potsdamer erdmagnetische Kennziffern Ztschr. f. Geophysik,
14:68-78.

w
8. Bartels, J., Heck, N.H., and Johnson, H.R. (1939) The three-hour-range index
measuring geomagnetic activity, Terr. Magn. 3&:411-454.

9. Bartels, J., and Fukushima, N. (1956) A Q index for the geomagnetic activity
in quarter-hourly intervals, Akad. Wiss, Gothingen. Math-Phys. Klasse.
Sonderhoft, No. 3.
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each universal day is centered on 0000 UT (that is, it extends from 2352.5 UT

of the previous UT day to 0007,5 UT of the current day). The 96 successive 15-min
intervals follow one another continuously until the last one which is centered at

2345 UT and terminates at 2352, 5 UT., The sequence for the next UT daythen starts —
ad infinitum, There is only one scale for all stations that calculate theIndex Q which
has 12 steps from 0 to 11, From my own perusal of years of these data, it is appar-
ent that the values 9, 10 and 11 rarely occur. A further distinction between K and
Q is that Q measures the total deviation from the quiet day normal curve of the most
disturbed of the two horizontal components of the geomagnetic field only and not the
Z component at all. Furthermore, it is veryeasy to determine the absolute level

of the normal quiet day curve at the latitudes where Q is measured as has been
pointed out in Reference (10).

During the IGY -IGC, 19 stations calculated Q at some time. However, shortly
afterward, all but two stations terminated this calculation, Since 1966 only
Sodankyla, Finland has made this calculation.

There was a grand total of 70 changes in Q during these six experiments,
Their occurrence times will be referred to as @-transition times,

One must realize that the Index Q is calculated during 15-min intervals starting,
on each UT day, with the interval centered at 0000 UT and continuing one after the
other until the interval centered at 2345 UT. If the convention was to start the initial
interval elsewhere in UT time, the times when Q could change would be corres-
pondingly different as would some of the Q values observed. If three or more con-
secutive 15-min intervals have the same Q value at a particular station, then the
non-terminal intervals will retain the same value of @ regardless of the starting
convention, However, the putative Q-transition times, which are the only times
indicated in Figure 17, have an uncertainty associated with them which is assumed
here to be + 7.5 min - clearly a generous estimate (that is, the uncertainty is
probably less than this).

Because of the fact that the sweep frequency ionospheric measurements were
made at 5-min intervals, it is necessary to restrict this range to + 5. 0 min in
practice,

What is meant by this is that when any defined event occurs within + 5 min of
one of the putative Q-transition times marked on Figure 17, then the two occur-
rences are considered to be simultaneous. Should a defined event occur +10 min
after one of the putative Q-transition times marked in Figure 17, then it is con-
sidered to have occurred +5 min after the putative Q-transition time in question.
This convention is followed throughout this phase of the analysis for both positive
and negative deviations of the time of event occurrences from the time of the

10. Lincoln, J.V. (1967) Geomagnetic Indices, Physics of Geomagnetic Phenomena,

Academic Press, pp 67-100.
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putative Q-transition times. Naturally, the closest temporal correlation is chosen
in every case,

Based on the above considerations, Figure 18 is a histogram which indicates
the temporal correlation of the occurrences of Q-transitions with the 113 events
defined above which occurred during these six experiments in the one-hop E modes,
A plus deviation indicates that the event occurred after the most appropriate Q-
transition time while a minus deviation indicates that it occurred before the most
appropriate Q-transition time.

Nineteen Q-transitions occurred outside of S and E pairs and three that oc-
curred within S and E events could not be correlated optimally with any event.
These 22 Q-transitions are thus irrelevant.

The distribution of the deviations of events from the Q-transition times is
quite pronounced and indicates a high degree of correlation as, indeed, does the
same histogram when the putative trangition points themselves are used-although
the degree of correlation is understandably diminished in the latter case.

In this study, @-transitions were also considered not to be relevant if they |
occurred during an auroral substorm or some other event or sequence of events
such as an extended period of receiver instability as occurred during Experiment
58 between 2322 UT and 0005 UT.

Figure 19 is a histogram identical to the one described above but indicating
only the temporal correlation of Q-transitions with S and E events which, after all, 3
are very important propagation characteristics., It, too, indicates a high degree of 3
temporal correlation between the Q-transition times and the times of occurrence of ;
the S and E events, The similar histogram, based on the putative Q-transitions

also indicates a high degree of correlation but, naturally, dirainished in comparison

to the one in Figure 19,
The list of all the S and E events that occurred during these six experiments is ]

given in Section 3, 1.7,
3.1.4 INSTANTANEOUS AURORAL OVAL

It has been shown by Feldstein and Starkov11 on the basis of ground-based
optical observations, that the value of Q, which is calculated at a station ideally
located at a geomagnetic latitude of §7° 50'N is highly correlated with the position 1
shape, and size of the auroral oval., They performed thcir correlations with the
Q Index measured in the so-called midnight sector from 2200 to 0200 local time,

“ 11. Felstein, Y.I., and Starkov, G.V. (1967) Dynamics of auroral belt and polar
geomagnetic disturbances, Planet. Space Sci. ‘13:209-229.
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To quote directly from the Feldstein and Starkov paper mentioned in the pre-
vious paragraph,

""Using IGY-1GC all-sky camera films from many stations, the width and loca-
tion of the auroral belt arc determined. The positions of the edges are defined, at
15-min intervals for different times of the day and compared with the Q-index of
magnetic activity on the night side of the Earth,

"The analysis of the data showed that aurorae most often appear in the zenith
along an oval-shaped zone, located at higher geomagnetic latitudes on the day side
than on the night side (Feldstein, 1960, 1963; Khorosheva, 1962). This zone
characterizes a distribution of aurorae at a fixed moment of universal time and is
oriented, according to the position of the Sun, in such a way that on the night side
of the Earth it is located at the latitudes of the Fritz-Vestine auroral zone, and on
the day side at the latitudes of the inner Alfven-Nikolsky auroral zone. Thus it
represents a general distribution embracing the separate cases of the Fritz-
Vestine and the Alfven-Nikolsky auroral zones characterizing aurorae distribution
at specific hours of local time.

""The method of locating the oval-shaped zone is based on statistical data on
the latitudinal variation of the auroral occurrence frequency, the zone being pro-
visionally taken to be the region where this exceeds a nominal value [taken to be
0. 6 by Sandford (1964) and Feldstein (1966a)]. It does not however give us precise
information about the latitude interval in which aurorae are observed directly in
the zenith, that is, the width of the auroral belt. In this paper the term 'zone' will
denote the region of latitudes in which aurorae most often appear and the term
'auroral belt' will denote the region of latitudes, with precise boundaries, where
aurorae appear in the zenith. The auroral belt has thus a more definite physical
sense, as it indicates an exact location of the phenomenon under consideration.

"The location of the northern and southern edges of the auroral belt within a
15-min time interval may be assumed to yield the instantaneous value of the belt
width,

""The observed positions of the auroral belt edges were compared with the
Q-index of geomagnetic activity on the night side of the Earth at the latitudes of the
oval-shaped zone,

"Corresponding to each value of Q from ten to one hundred and fifty determina-
tions (usually about fifty) of the edge location were made from each station.

""Both the mean square deviation (equal to 1.0-1,5° of the latitude) and the
mean square error (equal to 0,2°), decrease in proportion to the number of deter-
minations of the edge location. "

Feldstein and Starkov have proven that the instantaneous auroral oval is deter-
mined by the value of the magnetic Index Q concurrently measured in the so-called
midnight sector.

This section addresses the geometry of this Instantaneous Oval in relation to
the geometry of the propagation path and temporal changes which occur in this
relationship. It adopts the model of Feldstein and Starkov as to the dependence of
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the Instantaneous Oval on the magnetic Index Q and, by showing that the adoption
of this model in an entirely different study than the one conducted by Feldstein and
Starkov leads to the solution of an important problem, indicates that they are very
likely correct in their description of the position, size and shape of the Instantaneous
Oval as a function of the magnetic Index Q except that they probably have imposed
an unnecessary restriction on their model.

Figure 20 12 shows the Q oval for Q= 3 which is often used in polar studies both
for analytical and illustrative purposes. Since the edges of these ovals have been
determined statistically, there is some uncertainty as to their exact location, How-

ever, the uncertainty is small.

Figure 20. Instantaneous Auroral
Oval for Geomagnetic Activity Level

Q-3

00
TIME (hr)

Figure 20 shows the three regions that exist in the polar region. North of the
poleward edge of the Q oval is the polar cap region. Then there is the Q oval it-
self. Finally, there is the region south of the equatorward edge of the Q oval known
as the trough whereupon the polar ionosphere merges with the mid-latitude ionos-
phere. The location of the southern edge of the trough is not precisely known as a
function of geophysical and temporal parameters at this time. The trough can be
quite narrow or, apparently, can be over 10° of latitude in extent.

Each of these three polar regions has its own ionospheric characteristics as
do the boundaries of the oval itself. The existence and geometry of the oval is
defined by the precipitation of energetic particles which probably originate in the
solar winu. The geometry of the oval may be related to the direction of the
13 Comfort, R.H. (1972) Auroral Oval Kinematics Program, NASA CR-613 -73.

13. Thorne, R. (1975) Ionospheric-magnetospheric coupling, Review of Geophysics
and Space Physics, 13(No. 3).
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Interplanetary Magnetic Field, but this relationship is not well understood at this
time. 4

The geographiczal points of interest in a one-hop mode of ionospheric propaga -
tion are the transmitter location, the receiver location, and the location of the re~
flection point (which is considered to be at the midpoint of the path for a one-hop
mode), In this study, nine conditions (the rl-conditions) have been defined in which
these three points have been considered in relationto the location of the auroral oval,
the polar cap, andthe sub-auroral region from the poleward trough wall southward.

In Table 2 are listed the definitions of each of the nine possible values of the
rl-condition which could occur during these six experiments, Table 3 indicates
the 72 theoretically possible values of the Index Rl that could arise due to all pos-~
sible rl-condition changes. The rl—conditions persist over a period of time while
the Fl1 Indices occur instantaneously when the r, -condition changes from one value
to another. For example the R1 = 10 Index occurs when the r‘l-condition changes
from 2 to 3.

Table 2. Definitions of the Reilly Conditions, ry for One-Hop Modes
of HF Propagation

ry= 1 GB, MP, A/C all equatorward of the instantaneous auroral
oval as defined by Q.

Py 2 GB and MP equatorward of the instantaneous zuroral oval;
A/C in the instantaneous auroral oval as defined by Q.

r,= 3 GB equatorward of the instantaneous auroral oval; M1’ »id
A /C in the instantaneous auroral oval as defined by Q.

r, = 4 GB, MP, and A/C all in the instantaneous auroral oval
as defined by Q.

r, = 5 GB equatorward of the instantaneous auroral oval;

MP in the instantaneous auroral oval; and A/C in the
polar cap poleward of the instantaneous auroral oval
as defined by Q.

r,=6 GB and MP in the instantaneous auroral oval; A/C in
the polar cap poleward of the instantaneous auroral
oval as defined by Q.

Byw i GB in the instantaneous auroral oval; MP and A/C in
the polar cap poleward of the instantaneous auroral
oval as defined by Q.

r,=8 GB and MP equatorward of the instantaneous auroral
oval; A/C in the polar cap poleward of the instantaneous
auroral oval as defined by Q.

r.=9 GB equatorward of the instantaneous auroral oval;
MP and A/C in the polar cap poleward of the instantaneous
“ auroral oval as defined by Q.

GB = Goose Bay MP = Midpoint A/C = Aircraft

14, Evans, J.V. (1975) A review of F region dynamics, Review of Geophysics and

Space Physics, 13(No. 3).
AN
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, in Terms of all Possible

Table 3. Definitions of the Reilly Indices, R

r.l-Condition Transitions 1

Rl rl-Condnion R1 rl-Condnion Rl rl-Condﬁion
Transition Transition Transition
1 1-2 25 4-1 49 7-1
2 1-3 26 4-2 50 7-2
3 1-4 i 4-3 51 7-3
4 1-5 28 4-5 52 7-4
5 1-6 29 4-6 53 7-5
6 1-7 30 4-7 54 7-6
7 1-8 31 4-8 55 7-8
8 1-9 32 4-9 56 7-9
9 2-1 33 5-1 5 8-1
10 2-3 34 5-2 58 8-2
141 2-4 35 5-3 59 8-3
12 2-5 36 5-4 60 8-4
13 2-6 37 5-6 61 8-5
14 2-7 38 8= 62 8-6
15 2-8 39 5-8 63 8-7
16 2-9 40 5-9 64 8-9
17 3-1 41 6-1 65 9-1
18 3-2 42 6-2 66 9-2
19 3-4 43 6-3 67 9-3
20 3-5 44 6-4 68 9-4
21 3-6 45 6-5 69 9-5
22 3-7 46 6-7 70 9-6
23 3-8 47 6-8 71 9-7
24 3-9 48 6-9 72 9-8

We have stated above that the Index @ can have values from zero to eleven.
However, values above eight did not occur during these six experiments. We have
given an example in Figure 20 of the auroral oval defined for @=3. There are ovals
defined for all values of Q from zero to eight and they vary in size and shape con-
siderably.

It has been common in studies of HF Polar Propagation to assume that one
particular value of @ and, hence, one particular configuration of the oval persists
throughout the experiment. However, in an 8-hr experiment Q could con-
ceivably change 32 times from one value to another. However, the magnetic
Index @ actually has a high degree of persistence.
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This high degree of persistence is evident in Table 4 in which are listed, in
order, all of the values of the magnetic Index Q that were computed during these
six experiments. There were long periods (up to 195 minutes) when the published
value of Q remained constant, In all 169 of the relevant conventional 15-min
periods listed in Table 4, Q changed by zero from one period to the next 92 times;
by an increment of only one numerical category 68 times; by an increment of only
two numerical categories nine times; and never by more than an increment of two
numerical categories. There are 42 hours and 5 minutes within 169 Q intervals
out of which only nine consecutive Q-transitions changed by more than one numeri-
cal value; never changing by more than two.

The approach taken here has been to create a composite instantaneous auroral
oval consisting of the concatenation of the positions of the edges of the Feldstein
and Starkov ovals corresponding, for each time period, to the value of the magnetic
Index Q which existed over that period during each of the six experiments. This
produced the results shown in Figures 21 to 26. The composite ovals are quite
different from any single oval associated with any single value of Q. Thus, the
dynamic character of the auroral oval is explicitly taken into account.

Figure 27 is a reproduction of Figure 14 with lines perpendicular to the hori-
zontal axis which indicate the times at which the R1 Index occurred during these
six experiments. The value of the prevailing rl-condition is indicated between the
dark lines. The subscript 1 indicates that a one-hop mode is being considered.
When the two-hop modes are considered, the subscript 2 is used.

In Table 5, we have listed the relevant Rl values which actually occurred for
the one-hop E mode in all six of these experiments and have indicated the location
and changes in location of the transmitter, the midpoint, and the receiver which
occurred at such times relative to the composite instantaneous oval.

All R1 Indices are conéidered to be relevant and significant except those that
occur prior to the first R] Index associated with an S 1 between the R1 Indices

associated with an E, and the following 52‘ after the last Rl Index associated with

1

an E,, or during an extended period of equipment malfunction.

?n the case of the R1 Indices, not all of the events defined to be significant for
tiie Q-transition analysis are relevant. Such events are relevant providing they

did not occur during an r, = 1 condition or an ry= 4 condition prior to the occurrence
of the first Rl Index of the experiment or after the last Rl Index. The other re-
strictions with respect to extraordinary conditions also apply in this case as in the
Q transition case.

In the ry

region south of the equatorward edge of the instantaneous Q oval. This is an

= 1 condition, all three of the relevant propagation points are in the

ordinary propagation problem. This occurs only at the start of Experiment 196.
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Table 4.

Values of the Index Q During Each Fifteen-Min Interval During
Each Experiment

Experiment Experiment | Experiment | Experiment Experiment Experiment
58 60 141 142 193 196

Wwe| Wel Wwe| We| Wre| e
2100 4 0000 7 | 1745 4 2030 7 1800 4 1445 1
2115 5 0015 7 | 1800 4 2045 7 1815 4 1500 2
2130 6 0030 6 | 1815 3 2100 7 1830 3 1515 2
2145 7 0045 6 | 1830 2 2115 6 1845 2 1530 2
2200 8 0100 6 | 1845 3 2130 7 1900 2 1545 2
2215 8 0115 6 | 1900 1 2145 1 1915 2 1600 1
2230 8 0130 6 | 1915 2 2200 7 1930 1 1615 1
2245 8 0145 5 [ 1930 2 2215 6 1945 2 1630 1
2300 7 0200 5 | 1945 2 2230 6 2000 2 1645 0
2315 4 0215 4 {2000 2 2245 B 2015 4 1700 1
2330 i 0230 3 12015 3 2300 6 2030 4 1715 1
2345 8 0245 3 |2030 3 2315 6 2045 6 1730 1
0000 8 0300 2 12045 3 2330 6 2100 5 1745 1
0015 7 0315 1 ]2100 3 2345 6 2115 5 1800 2
0030 6 0330 1 |2115 2 0000 5 2130 6 1815 1
0045 5 0345 3 | 2130 4 0015 5 2145 5 1830 1
0100 4 0400 1 | 2145 4 0030 5 2200 5 1845 1
0115 5 0415 3 | 2200 3 0045 6 2215 3 1900 i
0130 5 0430 2 | 2215 3 0100 5 2230 2 1915 1
0145 5 0445 1 12230 4 0115 3 1930 1
0200 5 0500 1 [ 2245 5 0130 2 1945 1
0215 4 0515 1 (2300 6 0145 2 2000 1
0230 4 0530 i |2315 6 0200 2 2015 2
0245 4 0545 1 12330 1 0215 2 2030 2
0300 3 0600 1 |2345 6 0230 2 2045 2
0315 3 0615 2 | 0000 6 0245 2 2100 1
0330 3 0630 1 10015 &) 0300 2 2115 1
0645 1 10030 5 0315 2 2130 2
0700 2 | 0045 5 0330 2 2145 3
0715 2 [0100 4 0345 2 2200 3

0730 1 |0115 2 0400 2

0745 1 10130 2 0415 2

0800 1 ]0145 2 0430 2

0200 2
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Figure 23. Composite Instantaneous Auroral Oval for Experiment 141
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Figure 24, Composite Instantaneous Auroral Oval for Experiment 142
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Figure 25. Compoesite Instantaneous Auroral Oval for Experiment 193
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’I‘.able 5. Belevant Rl Indices Which Occurred During the One-Hop E Mode in All
Six Experiments
Number of Transitions:
Relevant GB Location | MP Location | A/C Location 1= GB
R Occurrences or or or 2 = MP
1 of R, Transition Transition Transition 3=AlC
1 3 T i T-O 3
9 1 T T O-T 3
10 2 T T-0 (6] 2
15 5 T T O-C 3
17 1 T O-T O-T 2,3 !
18 1 T O-T O 2
20 1 T O O-C 3
21 1 T-0 o 0-C 1,3 1;
29 2 o o 0-C 3 1
35 2 T O c-O 3
37 1 T -0 (0] C 1
38 1 T-0O O-C C 1,2
39 1 T O-T C 2
44 2 (e} (0] Cc-0 3
45 1 o-T o] € 1
; 46 3 (e} o-C C 2
54 2 (0] c-0 C 2
56 4 O-T C C it
58 5 T a5 c-0 3
59 1 T T-0 c-0 2,3
61 1 T T-0 (@5 2
69 2 T Cc-0 C 2
71 1 T-0 C C 1
T = "Trough" (here considered to be any point south of the equatorward edge of

the instantaneous auroral oval as defined by Q).
O = The instantaneous auroral oval as defined by Q.
C = Polar Cap poleward of the instantaneous auroral oval as defined by Q.

In the " 4 condition, all three of the relevant propagation points are within
b the instantaneous Q oval. If this situation persists, as it does for E1 of Experiment
58 and S1 of Experiment 60, then the first appearance or final disappearance of the
signal can occur at a time when an rl-condition transition could not possibly occur.
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[ts occurrence then depends upon the properties of the polar ionosphere that is
completely contained within the instantaneous Q oval in relation to the flight path
involved.

Note the dashed bracket in Figure 24 which indicates that allowance has been
made during this 45-min period for an uncertainty of 1° in latitude for the equator-
ward edge of the instantaneous Q oval. Q was equal to 5 during this period. In
Figure 25, the dashed bracket indicates that, for a period of about 20 min, allow- L
ance has been made for an uncertainty of 1° in latitude of the poleward edge of the

instantaneous Q oval, Q was equal to 2 during this period. In Figure 26, the
dashed bracket indicates that, for a period of about 20 min, allowance has been
made for a 0, 5° uncertainty in the latitude of the poleward edge of the instantaneous
Q oval. Q was equal to zero during this period.

The results produced in the immediately following analysis justify the assump-
tion of these three brief periods of uncertainty in the latitude of the instantaneous
Q oval.

3.1.5 EXAMPLE-EXPERIMENT 141

In Figure 28, Experiment 141 has been isolated in order to demonstrate the
high degree of temporal correlation between the Rl Indices and the characteristics
of the HF signal. A histog<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>