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III OBSERVATIONS OF RADIO STAR SCINTILLATIONS
DURING AURORA
by

Robert F, Benson

1. Introduction

In the course of an investigation of radio star scintilla=
tions in England; Little and Maxwelil found the seintillations
to be enhanced during intense auroral activity but to be un=
affected by a stable auroral arc slowly moving across the line-
of-sight to the radio star, The observations at the Geophysical
Institute of the University of Alaska, located within the auroral
zone; show a significant correlation between radio star scintilla-
tion amplitude at 223 Mc and the occurrence of aurorag’z. The
by radio star scintillation whereas the converse is not true.
These results were obtained from a statistical analysis, both on
a daily basis and on an hourly basis, of scintillation and all-
sky camera auroral data for the winter of 1957-58 and for Sept-
ember 1958, On the basis of these results, it seemed profitable
to look more closely at individual recordings showing unusual
scintillation or auroral activity, This section presents some

Auroral data were obtained from the all-sky camera at College,
This camera photographs the entire sky, with the exception of a
small region in the zenith, once a minute on Kodak tri-x film
using a 15 second exposure, Elevation is indicated by small

lights every 10° in the geomagnetic E-I/ direction and every 30°

1



in the geomagnetic N=S direction (Fig. III,2),

Dufing November and December of 1959 the radié source in
Cassiopeia was tracked continuously with the 223 Mc phase=switch
interferometer in an effort to determine the effect of aurora in
the line-of-sight on the scintillations of the radio star signhal,
A minute to minute correlation was sought between the all-sky
camera records and the observed star scintillations, Several
cases were found where auroral forms apparently had a direct
effect on scintillation activity, This effect was most pro-
nounced if the level of scintillation activity was low before
the auroral form crossed the star position,

During the period of observation, the radio star was high
in the southern sky and near the geomagnetic zeénith (13° south
of the geographic zenith at College), The auroral forms crossing
the line-of-sight were very active, as 1s often the case with
aurora near the zenith at College,

Two nights, November 26 and 30 were of special interest,

On 26 November, during an active auroral display, a long-dura-
tion fade of the radio star signal was observed on the 223 Mc
phase-switch interferometer, Long-duration fades have been ob-

ved previously at College, and have been discussed exten-

sively els ewhereﬁ’a.

They are characterized by an almost com-
plete disappearance of the sinusoidal trace produced by the radio
star on the phase-switch interferometer record, and may last for
as long as an hour in extreme cases, Their cause has been

attributed to the occurrence of angular deviations greater than
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the lobe-width of the interferometer pattern, coupled with the
(cassiopeia; angular diameter 4'),

Fig. III,1 shows the long=duratien fade as seén on the
223 Mc phase=-switch record. Between 2058 and 2107 the char-
acteristic sinusoidal trace can be seen to disappear coinciding
with & period of intense scintillation, Auroral activity began
at 2039 on this night, and individual all-sky camera frames from
2044 through 2113 are presented in Fig., III.2, A great increase
in the scintillation activity is observed as theé rapidly moving
aurora ¢rosses the star position, which is indicated by the
white clrcle slightly to the left of center on each frame. The
auroral activity shown in Fig, III.2 can be summarized as
follows:

2044-2057 active auroral form - occasionally passing
through star position

2058-2059 intense band through star position
2100-2101 slight breakup and swirl of activity

2102-2107 high point of band i1s very stable and passes
through star position

2108-2109 band moves to the south of the star position

2110-2113 aurora remains south of star position

The shift in the band away from the star position coincides
exactly with the recovery of the sinusoidal trace in the inter-
ferometer record,

An investigation of the riometer? data, which is a contin-
uous presentation of the intensity of 27,6 Mc galactic radio

waves, 1lndicated that no noticeable increase in the absorption



at 27.6 Mc was present during the long=duration fade. The rio-
meter uses an antenna with a beamwidth of about 60° by 100° and
thus measures the integrated absorption over a large area of the
sky. This could explain the lack of absorption associated with
the narrow auroral band during the above event,

All-sky camera records corresponding to the times of pre=
vious observations of long-duration fadés were examined, but no
conclusions could be reached because of poor records caused by
cloudy conditions or instrumentation difficulties.

On 30 November; both aurora and radie star scintillations

were present intermittently during most of the night. One

corresponding section of the phase-switch interferometer record
is presented in Fig., III.4. The aurora at 2112 shows a definite
change in shape from the previous forms and is beginning to
cross the star position, On frames 2113, 2114, 2115, and 2116
the aurora i1s extremely intense and is directly in the line of
sight to the radio star. Corresponding to this transition in
the aurora at 2112, there was an onset of heavy scintillation
activity marked by an extremely deep scintillation, This scin-
tillation ocecurred at the 'zero crossing' of the sinusoidal
trace, when the signals at the two antennas of the interferometer
were in phase quadrature, At these zero crossings the sensit-
ivity of the phase-switch interferometer drops to zero, so that
this particular scintillation can best be interpreted as an
'angular scintillation' 1,e., a temporary deviation of the

apparent position of the star by approximately one-quarter of



the interferometer lobe=width (about 10 minutes of arc for the
antenna spacing of 100 yards), Also starting at 2112, the rio-
meter indicated a sudden 4 db increase in the absorption at

27.6 Mc indieating the appearance of large amounts of ionization
at low levels in the ionosphere, The absorption reached a max-
imum of 10 db at 2125,

During both of the above nights, as well as the other nights
studied, there were cases when intense rapidly moving auroral
forms crossed the star position with no noticeable effect on the
scintillation activity, These were usually periods in which high
seintillation actlvity was present before the aurora appeared,
or before the aurora ¢rossed the star position, so that the

effect of the aurora, if any, was difficult to identify,

3. Conclusions

The data presented for 26 and 30 November show clearly that
the presence of aurora in the line-of-sight to the radio star can
The observations do not imply that the irregularities giving rise
to the scintillations were located at the same level as the most
in the nieghborhood of 100 km, It 1s emphasized that the all-sky
camera and interferometer records for the two speclal events re-
sight aurora and the onset of the extreme changes in the scin-

tillation records were separated by at most one minute,
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Fig, I1I.2 All-sky camera photographs from 2044-2113 150° WMT
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netic north is to the right.
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v RADIO STAR SCINTILLATIONS AND SPREAD F
by
Z, A, Ansari

It is generally belleved that radie star scintillations and
spread F are caused by some sort of scattering mechanism from the
irregularities of the ion density, The former is essentially a
forward scattering phenomenon while the latter is probably a
combination of both forward and back scattering., It 1s quite
possible that the irregularities of ion density responsible for
spread F may be different from those which are responsible for
radio star scintillations but with the present state of our
knowledge it is generally thought desirable to assume a common
origin of the irregularities’, At Cambridge, Ryle and Hewish®,
and at Manchester, Little and Maxwelig, a high correlation was
found between radio star scintillation and spread F but in
Australia, Bolton, Slee and S-.'c:a.nleyLL observing at low angles of
elevation did not find any correlation between amplitude scin-
tillations and spread F, A partial correlation was found, however,
by Mills and Thomas® in Australia between fluctuation index and a
measu of F-region activity, which in part includes gpread F
activity also, Hartz in Canada after making a simultaneous study

of radio sta

"‘S

scintillations and Spread F at Ottawa found no def-
inite correlation between the two, He found a considerable angle
of elevation dependence in the data i,e. at low angles of eleva-

tion scintillations occured more frequently,



2, Method of Ana;;g;s

The actual procedure of estimating spread F by visual
inspection was given up in favor of a more quantitative method
lonograms, It may be pointed out here that at high latitudes
this method is most suitable owing to the fact that the lono-
grams show very well defined inner and outer edges and hence the
amount of spread can bé measured accurately,

A fine spread F index scale from O to 9 was used, Spread F
index was taken to be proportional to the total spread which is
defined as Follows:

Total spread = spread in the ordinary branch + spread in extra-
ordinary branch.
The description of the scale is as follows:
Spread F index When Total spread
is is between
0 0 Me/s = .2 Mc/s
S )
B8 " -1.2"
1.3 " =17 "
1,8 " =-2,2"
2,3 " -a7"
2,8 * -32"
3.3 " - 3.7
3.8 " L2 "
> 43"

Wi

N

L)

0 o N W\

Radio=-star scintillation data taken at College, Alaska at 223 and
456 Mc/s was available for April through September 1958, The

12



data was not continuous as each one of the sources Cyghus or
Cassiopela was tracked continuously ¥or four days and then the
other source started, Amplitude scintillations indices obtained
by visual inspection of séintillations recerds were available for
comparison with spread F indices, Result of the comparison 1is
showed in Fig, IV.1l. It appears as if no definite correlation

between thée two phenomenon exists.

15
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V  SCINTILLATION OF SATELLITE RADIO SIGNALS
IN THE AURORAL ZONE

by
Roy P, Basler and Ronald N, DewWitt

1. Introduction

The présence of electron density irregularities in the iono-
sphere has been well established by observations of seintilla-
tions of radio stars, but the height at which these irregular-
ities occur has been a subject of some cchtroversyli A3 a new
approach to this subject, studies based on satellite radio trans-
missions have been made in several different parts of the world.

In Australia, Slee“ concluded that the irregularities must lie

below 350 km, From observations made in England, Kent” placed
their height above 250 km and decided théy were probably most
concentrated between 270 and 320 km., In i1llinois, Yeh and

duced by irregularities lying between 200 and 300 Km,

Evidence is presented which suggests that the inhomogenetles
résponsible for the violent fluctuations in the satellite radio
signal strength recorded in College, Alaska, are distributed
from 145 to 1000 km although they are relatively scarce above
600 or 700 km,

2. Direct Measurement of Helghts

The 65° latitude of College was very nearly equal to the
orbital inclination of the satellite 195862, so when the
satellite passed overhead at College it traveled in a west-east

direction, On the ground, the diffraction pattern caused by



ionospheric irregularities moved in an east=west direction with
a velocity determined by the ratié of the satellite's height to
the height of the irregularities, Thus, if the ground velocity
of the diffraction pattern could be determined, and if the

irregularities could be measured directly by simple géOMétfysa
A small error was introduced by ionospheric refraction, but
correction for this did not seem warranted in view of the limited
accuracy of the measurements,

The measurements were made using two receiving stations
separated by 19 km on an east-west line, Each station employed
a eircularly polarized "turnstile' antenna to reduce the effects
of Faraday rotation while the satellite was near overhead. The
satellite's 20 Me/s signal strength was observed by recording the
AGC voltages of Collins 51J=U4 réceivers on Sanborn recorders with
chart speeds of either § or 10 mm/se¢c. Since the recording sta-
tions were independent, a means for supplying synchronous time

marks was necessary, This was provided by a narrow band fre-

at each location, To simplify the operation of the remote sta-
tion, a radio operated control system was devised which was also
actuated by tones carried by the time-mark radio link,

The cholce of a relatively large separation between
receiving stations precluded the possibillity of using the fine
detail of the diffraction pattern for height determinations, so
height measurements could only be made when some gross feature of

the pattern could be identified on both recordings. Typically,
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this feature was a sudden onset of scintillation, or in some
tuation, A typical example of records from which one of these
measurements was made is shown in Fig. V.1,

the west and the east station was measured, and the height of

the irregularities was computed using the relation

v _  H-h

L h
where H is the height of the satellite; h is the height of the
irregularities; L 1s the dlstance between receiving stations, v
1s the satellite's velocity, and T is the time taken by a fea-
ture of the diffraction pattern in traversing the distance L.
The height and velocity of the satellite were determined from
information supplied by the Smithsonian Astrophysical Observ-
atory's Satellite Tracking Program,

The results of these measurements are given in Table V,.I.
The twe heights listed in each instance indicate the limits
imposed by the possible error in the measurement of T, the dif-
ference in time of occurrence at the two stations, The heights
measured fall in the range from 145 to 1000 km, suggesting that
no single height can be associated with the scintillation pro-
dueing regions, Heights are obtained only from irregularities
producing a recognizable feature in the diffraction pattern as
observed at the two stations, The values, therefore, should not
be interpreted as exclusive heights for the irregularities during

the satellite passes, since other irregularities capable of



producing seintillations could simultaneously exist at other
heights, For example, on December 18, 1959, irregularities were
observed at both 290 and 460 km during a single recording, It
should also be pointed out that these measurements refer only

to a small portion of the boundary of the regions containing the
irregularities, Thus, the values given might in some cases be
the upper or lower limits of regions having a considerable

vertical extent,
TABLE V.I

Universal Hei

Universal Height
___Time Km

ght

June 10 0243  850-1150 Y
June 11 2309  670-830 Oct. 8 1838 240-270
June 12 2356  570-670 Nove 25 0325  500-680
June 13 0138  390-440 Nove 2 0316 350.420
June 24 2105 510-610 Dec, 4 0004 300-360
Aug. 15 0607  300-340 Dec, 12 2140  430-460
Sept. 9 0223  680-930 Dec. 18 1940  260-320
Sept, 19 2330  310-400 Dec, 18 2254  380-540
Sept. 19 2153  170-180 Dec, 18 2256 140-150
Sept, 22 1930  420-1040 Pec. 25 1032 B30-600
Sept. 22 1951  190-210 Dec. 25 2010  200-280
Sept. 22 2250  230-280

3. A Method for Determining the Helght Distribution of the

Irregularities

There was no way of controlling the sampling for the spaced

recelver measurements, and no statistical weight could be given t.

19



the heights listed in Table V.I., Theérefore, the following
method was employed to determine whether or not there was any
preferred hetght of irregularity occurrence.

The perigee precession of 19588, caused the heights of the
passages over Alaska to vary from 200 to 1250 km during the
satellite's lifetime of nearly two years. The variation of the
occurrence of scintillation in the signal received from these
different heights should indicate the vertical distribution of
the irregularities responsible for the secintillation. This is
because there was greater probability that the satellite would
be eclipsed by irregularities when its height was increased in

The method was very similar to that used by Yeh and

%, fhe amount of fluctuation of signal strength was

Swenson
classified subjectively according to the following arbitrary

scintillation indices:

zndex Character of Signal

0 No scintillation, No deviation
from smooth Faraday fading pattern,

-

Slight scintillation but Faraday
pattern still discernable,

2 Strong and rapid seintillation suffi-
cient to completely obsure Farday
pattern,

Frequently an entire record could be classified by one index, but
more common were the instances when a record would be divided be-
tween two or three indices. An example of all three indices

occurring in a short section of one record is shown in Fig, V.2,

20



3:1 Diurnal and seasonal variations

The total time for each recording was divided on a percent-
age basis between the three indices, These percentages were
averaged according to the month of the satellite passage and the
hour of closest approach, The results are given in Figs, V.3
and V., 4,

Figs. V.3 and V.4 demonstrate nighttime and winter maximums
of seintillation similar to those which have been indicated by
radio star observations at Coileg,ééi This is also the general
behavior reported by Yeh and SWéﬁsenu for their satellite ob-
servations, It should be pointed out that these histograms only
indicate the general form of the diurnal and seasonal variations
since the sampling in some intervals was not sufficiently large
to average out the effects of other possible parameters such as
the height of the satellite, magnetic activity, and solar zenith
angle,

Index 1 seems to vary about an average value of approx-
imately 40 per cent and has no apparent temporal dependence,

3.2 Variation of scintillation with geomagnetic activity

College K-Index was tabulated for each recording as a con-
venient index of local geomagnetic activity, and the total time
for each recording was divided on a percentage basis between the
three scintillation indices, These percentages were averaged
for each value of College K-Index, The results are shown in
Fig. V.5, and the number of samples for each value of College

K-Index are given in Table V,II,



College Number of Collegée Number of Ccollege Number of
k-Index  Samples = K-Index Samples = K=Index  Samples _

0 12
1 85
2 121

95 6
b7 7
42

Lo B

Fig. V.5 shows an increase of sc¢intillation with increasing

geomagnetic aetivity, which is the same general relation observed

at lower latitudes for radio star'Scintiliation7a
3.3 Variation of scintillation with satellite altitude

The recordings average about five minutes in length al-
though they vary from one to ten minutes, When the satellite was
near perigee its height changed as much as 200 km during a re-
cording. The range from 200 to 1250 km was divided into 50 Km
intervals and for each pass through one of these intervals the
time distribution, in per cent, over the three indices was re-
corded, These percentages were then averaged for each interval,
The helghts were computed from information supplied by the Space
Track Control Center and by the Smithsonlan Astrophysical

The results of this analysis are plotted in Fig, V,6. As
before, the values for index 1 vary randomly about an average
value of approximately 40 per cent and so apparently have no
height dependence,

The straight lines drawn in Fig., V.6 represent the height

22



irregularities occurred with equal probability at all heights up
to 650 km and were absent at greater heights, This 1s an overly
simplified model for ionospheric structure, but it is a useful
first approximation for explaining the apparent trend of the
data. Considering the four examples listed in Table V.I for
which the height was considerably above 650 km, it seems that

instead of going to zero above this height, the number of irreg-
ularities decreases to a small but finite fraction of the total
number at lower altitudes,

At the extreme high and low altitudes there are large
deviations from the overall trend of the data, but the points
plotted in these instances are probably not representative of
their height intervals and have been discounted because of the
small number of samples from which they were computed, Table
V.III gives the numbeér of samples used in computing the average
percentages for each height interval, It can be seen from this
that the lowest and three highest height ranges, which contain
the erratic points, were sampled only one-third, or less, as
often as most of the other intervals. This number of samples
was apparently too small and not sufficlently distributed in
time to average out the diurnal, seasonal, and magnetic influ-
ences, but 1t should be made clear that the nature of the

extraneous influences 1s not well enough understood to test

these points rigorously.
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TADLE V,IIT

Height Range Number of Height Range Number of
_km_ _Samples ke _Samples
200-250 25 750-800 76
250-300 78 800-850 70
300-350 77 850-900 70
350-400 81 900=950 61
400=450 85 950=1000 61
450-500 78 1000-1050 45

500550 76 1050=1100 27
550600 7 1100-1150 18

600-650 86 1150-1200 14
650700 80 1200-1250 23
700-750 75

In an attempt to perform a limited test of the reliability
of the data given in Fig, V.6, a scatter diagram of satellite
height and closest approach time was plotted. This showed the
sampling for the height intervals between 250 and 1050 km to be
reasonably well distributed over 24 hours. The occurrence of
scintillation as a function of height curves were also plotted
separately for summer, winter, and equinoctial months, and, al-
though the scatter of the points increased, the general form of
the altitude dependence was preserved, These two tests indicated
that the nature of Fig, V.6 was probably not significantly
affected by diurnal and seasonal effects except at the extreme

low and high altitudes.
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4, Discussion

The altitude dependence of scintillation given in Fig. V.6
is interpreted as showing the height distribution of irregularity
occurrences, but it should be emphasized that this explanation
does not follow from Fig. V.6 alone, For instance, it might be
possible to interpret the altitude dependence of scintillation
in terms of irregularities occurring in & single thin layer whose
effectiveness in producing scintillation increases with increased
distance of the satellite above the layer, However; the dis-
tribution of heights as measured by the spaced receiver technique
(Table V.I) gives support to the former rather than the latter
model.,

Thus, it is concluded that the bulk of ionospheric irreg-
ularities occur below 650 km, They Seem to occur with about
equal probability between the heights of 250 and 650 km, and
their presence at greater heights is sporadic,

The helghts given here are considerably greater than have
been reported elsewhere; but this may only be a reflection of the
fact that in the auroral zone the ionosphere is in general more
distrubed than elsewhere and that ionospheric irregularities are
both more strongly developed and extend to greater heights,

It might be noted that Bate§8’9 observed F-layer irregular-
ities at College from 250 to 400 km using the backscatter sound-
ing technique, However, this technique is limited to detection
of irregularities below the F2 maximum, so the results are con-

sistent with those reported here,
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VI  SATELLITE RADIO SIGNAL DETERMINATIONS OF UPPER F REGION
ELECTRON DENSITIES IN THE AURORAL ZONE
by
s B, Murcray and J, H, Pope

particularly well suited for studies of the ionosphere in Alaska,
An inelination of about 65° and an argument of perigee of approx-
imately 60° means that the satellite is just coming out of per=
igee as it passes over central Alaska, The perigee altitudes
were around 250 kilometers, and eccentricities around 0.1, which
resulted in the satellites rising through a considerable portion
of the F region while they were observable from College.

The beacon frequenciés of 20 and 40 megacycles are quite well
sulted to study of this region because théy are high enough to
penetrate the F region and low enough to be considerably affected
by it. In the second satellite (1957B) the keying system quit
operating soon after launch, and it transmitted continuous wave
signals, These are well adapted to observations requiring fre-
quency measurement because of the absence of switching transients,

A transmitter which is moving with a radial velocity of
approach I relative to the observing station and transmitting a
frequency F into a medium of refractive index n at rest relative
to the observing station, will be received at a frequency F + D,
where D 1s given by D = % nF, ¢ being the velocity of light in
: (1 - ﬂzgi=== N)l/g by the Eccles-Larmor

T M F& »
equation where e and m are the charge and mass of the electron

free spacel. Since: n

]
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that if D is measured and ? and F are known, one can determine N,
This procedure is commonly used to measure electron densities
from rocketsc, However, if this method is used, one must know 7
accurately and also F, neither of which can be assumed known with
much precision in the case of a satellite.

In the case of a satellite, there is an additional complica-
tion because of the large transverse component of velocity in-

volved, The index of refraction is nearly unity except in the

vary depending upon the proportion of the path lying within the
ionosphere, This results in changes of optical path length be-
cause of the transverse motion of the satellite as well as its
radial motion, and hence introduces a spurious addition to r.,
This addition is proportional to time variation of [ N dr be-
tween satellite and observing station, and would be an additional
source of information provided it could be separated from the
other effects,

The Russian satellites transmitted on two frequencies., If
we let Fl be the frequency of the 20 megacycle transmitter and F,

that of the 40 Mc one, then Dy and D2 are the corresponding

Doppler frequencies, The ratio of these Doppler frequencies then
is
n

P n.
*;%<%w<%W§%

=,
REY g

r does not appear in this equation, but it should be noted that

since T is changing with time, it 1s necessary that the Doppler

frequencies D, and D, be measured simultaneously if the F's are

2
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to cancel, In practice, this requirement is a source of con-
siderable trouble,

1 and né‘from the Eccles=Larmor equation

and solving for N one obtains:

Substituting for n

A little experimentation with this equation shows that is is not
very sensitive to errors in F, and Fg; providedDFhat some means
exists for accurate determination of the ratio 3% .

Observations of satellite Doppler curves aré made by mixing
the signal from the satellite with a signal from an oscillator at
the observing station, The result is a beat note of frequency Af,
which is the difference between the local oscillator of frequency
f and the frequency of the signal received from the satellite,
quency, so the most convenient technique is to use a local
oscillator frequency above the highest frequency expected from the
Doppler shifted satellite signal, or below the lowest one, If the
local oscillator frequency is less than the lowest frequency from
the satellite, then the Doppler frequency becomes:

D=f +4f - F

and the ratio:

L]

n
2]
N



f can be detérmined within a few cycles/sec, and since D is very
small in the viecinity of the time of closest approach when b
approacheés zero, the quantity f=F can be determined to the same
accuracy as Af, even though the time of closest approach is not

quencles are known to anything like this precision, Consequently,
the ratio Pl can be determined with considerable accuracy, pro-

Pl

vided only “that both satellite and local oscillator frequencies
remain reasonably constant over the period of one satellite
passage,

In the observations made by the Geophysical Institute on
channels of a three=channel Ampex Tape recorder, A time signal
from WWV was recorded on the third channel, The data were re-
duced by making sonagraph (audio frequency spectrogram) records,
which showed the two beat frequencies along with the WWV time sig-
nal on the same record. Time resolution was about 0,01 second in
absolute time, and measurements of the beat fregeuncies could be
made simultaneous to about the same accuracy, The accuracy of the
absolute time was not so important since it was only used to
determine the position of the satellite at the time of the
measurement, and the orbltal data were not sufficlently precise to
require 0,01 second accuracy, However, it is extremely important
that the beat frequency measurements be matched in time as closely

as possible, Satellite positions were obtained from data furnished

by the Smithsonian Astrophysical Observatory>,
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The spurious Doppler shift introduced by the transverse mo-
tion of the satellite through the ionosphére can be roughly cal-
culatedl, and the observed frequency corrected to take account
of it., In the passages used in the present calculations this
effect 1s small compared to the effeet of local electron densities
at the satellite during most of the run, If the local electron
densities are small, or if I is small, the transverse motion
effect becomes comparable to or greater than the local effect,
and the electron densities derived by this method become very
uncertain, In practice, it has not proven possible to measure
electron densities below about 105/@m36 The difficulty is a
combination of th: accuracy with which the corrections can be
computed and the accuracy of the beat frequency measurement, It
is evident that this imposes fairly severe limitations upon the
portion of the orbit over which this method of calculating local
electron densities is useful, Where it can be used, it is simple
and straightforward, and the calculations easy.

Near the time of closest approach of the satellite, I is
small, and the results again become uncertain for the same reasons
as in the case of low electron density. In thls case, however,
the sltuation can be improved, At the time of closest approach
the slope D of the Doppler curve becomes a maximum,

If n 1s small,one can write for the ratio of the slopes:

-

.2 n2 F2

]w—-'

i

=il .

the subscripts again distinguishing the quantities pertaining to
a particular frequency.
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This gives the same equation for the local electron density
as was derived before except that D;/D, has been replaced by
bi/b,. It 1s useful in the region in which P is small, In the

region in which r is large the slope is small, so the two methods
of measurements are complementary, The slopes are somewhat more
diffieult to measure than are the beat frequencies. The slopes
are also affected by the change in the optical path due to the
transverse component of satellite motion; the effect introducing
a correction, which is in general of the same order as in the case
of the Doppler frequenciles, though somewhat more complicated to
caleulate, This method then, is also limited by low electron
densities.

Fig. VI.1 shows an electron density versus height profile
obtained by the foregoing methods, Since the satellite was headed

time difference of about two hours betweéen the sub-satellite
points at the lowest and highest altitudes indicated on the
figure, This means that what is represented on the figure as a
vertical variation only, is a combination of vertical and hor=
izontal variations. This is illustrated in Fig. VI.2 in which
the geometry of the passage is sketched,

The day on which the data of Fig. VI.l were obtained was
magnetically quiet, and the ionograms show no disturbance, Con=
path correspond roughly to those at Fairbanks an hour earlier,

and at the east end conditions would be like those of Fairbanks

33



an hour later, Ion densitiés shown in the lower layer in Fig.
VI.,2 are obtained from the College C=3 reécords on this assump-
tion, The true helght of the F region maximum at College, as
computed from the ionograms was about 290 kilometers, The
satellite was well above thls on its closest approach to College,
which was some thirty miles to the north., It should be noted
that Fig: VI.1 shows two distinet layers with a pronounced mini-
mum between, the second layer having a slightly lower electron
density than the first, so that 1t is not visible on the C-3
records, All profiles computed to date are consistent with this
structure, although most of the observed runs are at too high
altitude to show the lower region which contains the zone of
maximum eleetron density.

Fig, VI.3 shows another profile at a somewhat greater alt-
itude, This run was on a mildly disturbed day. The satellite
had passed the most northerly point of its orbit and was heading
a little south of due east as it passed College, The profile is
definitely consistent with the satellite rising from the low
ionization region into the second highly ionized layer, All the
points on this profile are high above the F layer maximum,

More satellite passages are being analyzed and it is hoped
that a report on the results may be made soon, It is not known
whether the two layer structure shown i1s characteristic for this
latitude in winter or whether it is a temporary condition, per-
haps present only in the fall., The low electron density in the
region between the two maxima is also of interest, In this

region the densities were lower than could be measured by the
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technique employed; which means that they were not greater than

about 105 electr@ns/cmB .
Fig, VI.4 shows densities to & higher altitude than either of

the preceeding figures,
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Appendix VI,1
Doppler Shifts in Ionized Mcdia

There seems to be a good deal of confusion about the mech-
anies of the Doppler shift, most of which is probably traceable
to the way in which it is generally presented, The treatment
normally starts by presenting the equation for the Doppler shift
as the result of a relativistic transformation, which gives the
received frequency in terms of the transmitted frequency, and the
radial velocity of the transmitter relative to the obsef-vef-jfi
The radial veloeity is then interpreted as the timeé rate of
change of the phase path, and the treatment carried on from there,
This 1s the natural way to approach the problem, but it has the
disadvantage of obscuring the physical mechanisms involved.

Satellite velocities are far from relativistic anyhow, and
as we shall see, the simple classical treatment in this case leads
to the corre ect relativistic equations to within terms of the
order of (£>‘. (consideration of the basic axioms of relativity
will show that it should) The classical treatment also has the
advantage of presenting a clear physical picture,

Suppose the transmitter to be moving through a medium of re-
ocity of approach r relative to the observing station, The trans-
mitter is sending a c¢ontinuous frequency f. Then in one second
the satellite will have advanced a dlstance r toward (or away
from, depending upon the sign of r) the observer, The wave trans-
mitted at the beginning of the second has advanced a distance ﬁ.

There are, therefore, f waves in the distance: £ - r so that the
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observed wavelength is ==—p—=—- and the observed frequency:
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This is the same equation as the one derived by using the Lorentz
transformation within & correction which is smaller than %,’

_ . . ) ¥ 2 . _ _ . L
Por satellite velocities, (£ n)” << | and the Doppler shift is:

£ -f'=I0 | This is the so-called "local' Doppler shift, and

in many cases is the only one existing, If the medium is homo-
geneous of refractive index n all the way to the observer, for
instance, or if the transmitter moves directly toward or away
from the observer, rn represents the total rate of change of the
phase path, and there is nothing more to be said, The satellite
will approximate the latter condition when it is far away, and
at closest approach r becomes zero and there is no Doppler shift,
but in the region between these extremes the situation becomes
sphere and part outside so that n varies along the path, and as
the satellite moves horizontally the relative amount of path
through strata of different n will vary also, so that an addi-
tional term must be added to Inm to express the total rate of

change of phase path length, At the frequencies employed by
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satellites so far, fn is by far the dominant term, the term
involving E%f [ ndr being a small correction only, However, in
deriving eléctfcn densities; one uses the fact that n at the
upon conditions the effect of the integral term may beceme more
important than the effect of the difference of the local index
at the satellite from unity, Such a case for instance occurs
with the satellite above the ionosphere, where the electron
dnsity is small,

Treatment of the case of a variable index of refraction 1s
complicated by the fact that the propagation path is not a

straight line but the effect in the case considered 18 not large,
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VII  OBSERVATIONS OF HIGH LATITUDE RADIO AURORA
by

Leif Owren

1, Introduction

The purpose of Section VII is to survey observations of
radio aurora made in Alaska, and in particular, the observations
from College, Alaska. Some recent results from IGY studies of
the visual aurora in Alaska are also reviewed briefly sinece they
have a bearing on the interpretation of the radio observations,
Radio aurora has been studied experimentally in this area over
nearly a decade, both by visiting and resident scientists. The
frequency range covered in course of these investigations extends
from high frequencies well into the ultra-high frequency band.
Specifically, radio aurora has been studied with pulse tech-
niques in seven different frequéncy intervals from 12 to 780 Mc¢/s
and by cw techniques on four frequencies from 40 to 400 Me/s. A
representative picture of the high latitude radio aurora can
therefore be drawn from the Alaska observations, The regional
limiitation of our survey has the advantage that the observations
referring specifically to the College observations - are uniform
in the important geometrical aspects imposed by the earth's mag-
netic field and the location of the auroral zone, College,
Alaska 1s located in geomagnetic latitude 64,5°N and near the
southern border of the auroral zone, It is about 200 km south
of the line of maximum occurrence of visual aurora as determined

1

by Vestine', The magnetic dip at College is 77°.
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2. Visua l_AthEa in High L_titudgs

It is probably well known that a visual auroral display
usually starts with the formation of a homogbheous arc, In the
auroral zoneé oneé generally sees a double arc, consisting of two
8imilar structures parallel to each othér, Dav192’3 has recently
found from IGY studies in Alaska that the two arcs are connected
by a 1660p at their eastern end, The looped arc system 1s
actually stationary in space, with the earth rotating under it
(see Fig. VII,1). The western part is quiescent and the eastern
part active with the arc broken up into rays and curtains, At a
given location south of the center line of the auroral zone, a
followed by a period when the active section of the are structure
comés into view, During this so-called breakup period a given
station may seée a complete transformation of the rayed arc into
curtains and rays, Following the breakup which usually oceurs
around magnetic midnight, an eastern branch of the auroral strucé-
ture consisting mostly of diffuse forms of luminoisity rotates
into view. Towards morning the discontinuous, diffuse forms may
reform into arcs connected at their western end, At a given sta-
tion south of 66,5° geomagnetic latitude a development of the
auroral display involving three phases will be observed. The
three phases are characterized by the initial quiescent arcs, the
peak of activity during breakup, and the post breakup periocd of
diffuse aurora,

The arcs with their associated forms generally move as a

whole in the North-South direction., Actually, for each auroral
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display a discontinuity in the direction of the overall motlon
can usually be found somewhere between the geomagnetic latitudes
62° and 70°, The aurora forming south of this discontinuity
shows a (first) motion southwards whereas the aurora forming
north of it tends to move northwards; see Davis and kimba11’,

The detailed structure such as rays and curls appearing in an are
move along it in a clockwise direction, This clockwise motion
changes to a counterclockwise direction of motion for the diffuse
structures occurring during the post breakup phase, generally
after magnetic midnight,

The auroral arcs may be described as thin; wide sheéets of
luminosity (and ionization) extending a few thousand kilometers
parallel to the geomagnetic latitude cireles, Vertically an arc
extends from about 100 to at least 120 km, The vertical extent
is markedly dependent on the sunspot c¢ycle, The width of an arc
in the North-South direction is of the order of one kilometer,
The rays appearing in an arc, or generally over large areas of
the sky during breakup, are always parallel to the direction of
the magnetic lines of force, and may extend to great heights,

200 km or more,

3. Radio Aurora in High Ls

An early radar observation at Jodrell Bank in 1947, Lovell,

=

Clegg and Ellyett , of auroral echoes on 47 Mc/s were interpreted

by Herlofson’ in terms of specular reflection from the surface of
an (hypothetical) auroral arc. The observed echo range was 480
km, and it has been shown (Chapmgné) that a radar ray from

Jodrell Bank could be normally incident on an auroral arc over the
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Faergd Islands at a height of 113 km for the specified slant
range, Following this and similar observations, Chapman6 worked
out the geometry of specular radio reflections from field-aligned
auroral forms using an earth-centered dipole to describe theé geo-
magnetic field, Chapman's calculations showed that strictly
perpendicular incidence 6n the undisturbed field configuration
at a height of not less than 100 km could not be achieved for
high latitude locations above 62° geomagnetic latitude, such as
College; Tromsg and Kiruna.

The exXperimental facts are that transient VHF radar echoés

are observed regularly at thesé high latitude stations during
times of visual auroral activity and magnetic disturbances.
Generally the echoes are received only in a 90 degree sector
centered approximately on geomagnetic north, at low elevation
angles, and at fairly long ranges which are typlcally between

500 and 1000 km, Interferometer and pencil-beam radar determina-

tions of the elevatlon angles has shown that the heights of the

tion, As these experimental results

accumulated they raised
interpretational problems which were discussed extensively during

the last decade and which are perhaps not even today finally

resolved, We do not wish to dwell on theories which were found

which have been under consideration during the last three years

and may provide a proper basis for further discussions,
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The cxperimental findings clearly milke it necessary to
modify in some way the original theory of specular reflection
from auroral forms aligned with the undistorted geomagnetic
field, One line of thought is to maintain the condition of
strictly perpendicular incidence of the radio waves on field-
alighed auroral structures and to achieve this perpendicularity
either by distortion of the magnetic field or by ray-bending in
the E layer, A second approach, and thus far the most success-
ful, is to weaken the condition of strict perpendicularity and
replace the specular reflection by backscatter at nearly pers

pendicular incidence, This theory was suggested by Meoré8’9,

extended by Booker, Gartlein and Nich@lslo

, and subsequently
developed mathematically by B@@kérlla The theory of scattering
from field-aligned electron density irregularities introduces the

notion of "aspect sensitivity" in auroral scatter of radio waves,

radio wave can be incident on the field direction and yet pro-
duce a detectable scatter signal becomes an important parameter,

12,13

A third idea, advanced by Forsyth is a hybrid type theory

scatter from field-aligned auroral luminosity,

Consideration of the avallable experimental evidence (see
Appendix) indicates that neither the distortion of the magnetic
field nor the average electron density of the auroral E layer is

sufficient to re-establish the theory of specular reflection
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from field-aligned auroral forms., The accumulated body of know=
ledge concerning both visual and radio aurora tends to contradict
roral ionization,

For future reference we quote (see Appendix) the following re-
sults for the electron density in the auroral E layer, HF
soundings at vertiecal and oblique incidence indicate that the

be $6 explored corresponds to a plasma frequency of about 4 Me/s
or 2 x 105 electrons/cmz. Photoelectric measurements of the
luminous aurora indicate that for moderately bright forms_there
exists in limited volumes an electron density of about 103 elec-
trons/cm3, corresponding té a plasma frequency of about 10 Me/s.

For very bright forms the electron density may beé as high as 107
3

:; corresponding to a local plasma frequency of about

electrons/cem

30 Mc/s.

volume scattering theory where the individual scattering elements
are non-isotropic electron density irregularities, The irregular-
ities are represented as elongated, axially symmetric bodies of
plasma, The probability of finding at a given point in the

plasma a deviation, AN, from the average local value, N, 1is
assumed to be given by an error law, More precisely, the auto-
covariance of the relative deviation in capacitivity, A€/€, is
assumed to be a gaussian function., The theory further assumes
that the incident radiation field is only weakly perturbed by the

electron density irregularities, Certain implicit assumptions
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of the theory should be explieitly stated,

1, The refractive index of theée medium Seen by the incident radio
waves must be approximately equal to unity, pxgl.

2. The relative deviation of the electron density in the medium,
AN/N, as well as the local average electron density, N,
itself must be spatially 7

j_stationary stochastic variables,

i,e, statistically uniform quantities, over the scattering
volume,

The assumption about the refractive index implies that the
theory is applicable only for frequencies exceeding about 30 Me/s
when the scattering volume is assoclated with moderately bright
auroral forms, It also implies that for very bright forms the
observing frequency should not be less than approximately 90 Mc/s.
On the whole this assumption leads one to expect that the theory
should work well for frequencies above 60 Mc/s and show signs of
failing below 60 Mc/s.

The assumption about the statistical uniformity of AN/N and
N implies that the theory can only be expected to work reasonably
well when small scattering volumes are involved, This further
implies that the theory can only be used with confidence on
observations made with pencil-beam radars,

Booker used an auto-covariance function of the form

: 2 . 2 2 ‘
(1) p(x,¥,2) = exp[ - g (E E_y + B )]
L & T L

- = i

eived power, PR; to the transmitted power, PT:
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where T 1is the correlation distance transverse to the axis of
symmetry of the irregularities,

L the longitudinal correlation distance (along the earth's
magnetic field),

a_ the "off-perpendicular angle" (complement to the angle
between the direction of incidence and the axis of

symmetry) at the bottom of the scattering volume,

A, the plasma wavelength corresponding to the electron
N gensity,

>

the local wavelength of the incident radio wave in the
medium (assumed equal to the free space wavelength).

The factors relating to the antenna, echo range and area of the
scattering volume have beén omitted in Equation (2),

The aspect sensitivity 1s characterized by the factor

(3) 1 - erf (2”1/2 el a.)
A ,

which depends on the correlation distance along the earth's mag-
netic field, the off-perpendicular angle and the wavelength., The
aspect sensitivity factor determines both the range cut-off and
the azimuth cut-off of the auroral echoés., The shortest range
should in the northern hemisphere be observed with the antenna
beam pointed towards geomagnetic north, By selection of the
appropriate value of L the observed variation in range and azimuth
cut-off as a function of wavelength should be reproduced if the
theory is correct, Conversely, if the theory is assumed to be
correct, observational determination of the off=perpendicular

angle, a,, leads to a value for longitudinal correlation
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distance, L, It should be noted that a determination of the off-
perpendicular angle, a_, must necessarily be based on a model for
the earth's magnetic field at E layer heiPhts, Such models may
be based on either the simple centered dipole field or the
earth's main field, In the latter case one uses the surface
field and assumes that the surface values of the magnetic
declination and inclination may be used at ionospheric heights.
The observations of radlo aurora at College, Alaska show that

for this location the surface field model provides a better
approximation to the actual field than the dipole field model,
although the actual E layer field would probably be described
best by a hybrid model,

Booker emphasized the point that & single value of the
longitudinal correlation distance; L, should suffice to describe
the radio aurera observations at all frequencies, This appears
to be a point more of mathematical convenience than physical
reality. When Booker wrote his paper the goal was to produce a

theory which would roughly describe the available observations

which then spanned a frequency range of no more than 4:1, For
such a program a single value of L was adequate. Today we are
concerned with observations which span a frequency range of 15:1
even when we limit ourselves to the frequencies from 60 Mc/s and
upwards, It seems physically unreasonable that the electron

density irregularities seen by 5 meter waves should have exactly
the same longitudinal correlation length as those seen by 30
centimeter waves, Physically it appears more reasonable to admit
the possibility of at least some change with frequency of the
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The upper frequéncy limit for detection of auroral echoes

is determined by the exponential factor
(4) exp (- 8r2p2/\2)

This factor becomes very small when A4=27T, The intensity
variation of the backscattered echoes as a function of frequency
therefore permits an obsetrvational estimateé of the transverse
correlation distance T,

We have noted that the refractive index séen by the ex-
ploring radio waves in the auroral ionization may start to

deviate markedly from unity if we go below about 60 Me/s. In

addition D layer absorption will also increasingly influence the
observations as we decrease the frequency below 100 Me/s, and
this influence should become very noticeable from 60 Mc/s and
downwards, The absorption will affect the observed range and
azimuth cut-offs, in particular the latter which will be under-

estimated. As a consequence the largest observable off-perpénd-

correlation distance should appear to increase systematically
with increasing wavelength., One may therefore predict that an
experimentally determined curve for the frequency variation of
the lengitudinal correlation distance should show a turning

point at about 60 Me/s,

5.

Observations of Radlo Aurora

Notable advances have been made in the experimental studies

of radio aurora during the last three years. The most outstand-

ing work is probably that carried out by a team from the Stanford
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Research Institute at College, Alaska with a pencil-beam radar
in the high VHF and the UHF band, A steerable parabolic re=
flector antenna with a diameter of 61 feet (20 meters) operatéed
with medium power pulse transmitters at the frequencies 216, 398
and 780 Me/s provided beamwidth of 6, 3 and 1.5 degrees respec-
tively. The most interesting result of the observations is per-
haps the discovery of the two types of radio auroral forms,
called respectively discrete and diffuse according to the echo

appearance, Leadabrand et alla, Presnel et al’>, The diserete

the E layer, typically between 90 and 130 km, These echoes occur
mostly at night, when the E layer is in darkness. They often
appear to be associated with auroral arcs located some 600 km in
the direction of geomagnetic north from College. The diffuse
echoes have long duration and are oriented almost horizontally
magnetic North=South direction. These echoes are almost invars
iably assoclated with scattering centers in the sunlit E layer
occurring typically in the height interval 90-110 km,

The most frequently occurring height for the scattering
centers was found to be 100-110 km in agreement with earlier
determinations,

The observed characteristics of both the discrete and dif-
the theory of aspect sensitive scattering.,

An interesting question arising in connection with radio

aurora is whether aspect sensitive scattering is maintained in
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the HF range or simple volume scattering finally takes over.
With a steadily weakening aspect sehBltivity for decreasing fre=
quency, one should eventually be able to obtain auroral echoes
from the south, A high resolution 12,3 Mc¢/s backscatter sounder
with rotating antenna and PPI display was operated at College
during most of the year 1957, A study of the records reveals
that occasionally during periods of auroral activity a short

range E layer echo is returned from all azimuths, Owren and
Hunsuckefl6 The PPI display shows the echo as forming a com=
t

plete ring around the station with a typical minimum range in the

range in the direction of geomagnetic south of 250 km, Inter-
mediate range values are obtained in the east and west directions.
Thus the echo shows aspect sensitivity and it could be returned
either by specular reflection from field-aligned columns after
refraction in the auroral E layer or by off-perpendicular back-
scatter, Refraction calculations show that for the short slant
ranges mentioned, specular reflection is not possible and the
echo 1s returned by backscatter at angles between 20 and 30 de-

grees,;

6, Summary and Dj:scp._g sion »o_f Ac’rollege Obser'vations Betweenﬁ12 800

Mc/s
The main observational facts concerning the College observa-
tions over the frequency range from 12 to 800 Mc/s will now be

6.1 Diurnal variation

Fig, VII,2 shows the diurnal distribution of auroral echoes
56



for the three frequencies 12.3, 41 and 216 M¢/s. The 12 M¢/s
data are for long range echoes propagated by the F layer in the
daytime and the Es layer at night, The coinciding afternoon
peaks for the diffuse 216 Mc/s and the 12 Me/s echoes may be
noted,
6.2 Range distribution

Fig, VII.? i1s remarkable because it indicates that the range
eut~off ocecurs at the same range of 300 km for all frequencies
from 41 up to 398 M¢/s, This result is contrary to the predic-
tion of the theory for aspect sénsitive backscatter and requires
explanation, Inspection of Fig. VII.4 may help to provide the
clue, The s6l1id; slanting line on this diagram indicates the
variation in off-perpendicular angle as a function of frequency
which results from the SRI studies. The solid horizontal lines
represent the range of values tabulated by Peterson, private
communication., The 106 Mc/s observation was made at Stanford,
California, The broken vertical line results if it is assumed
that the echoes having the shortest range are returned from the
direction of the geomagnetic north and from a height of 100 km,
to deduce the largest off-perpendicular angle from the range cut-
off observed with a wide beam radar, The constant value of 7,5°
for all frequencies between 40 and 400 Mc/s is then obtained from
a contour plot for College of the off-perpendicular intersection
angles at a height of 100 km, see Leadabrand et allge

The lack of variation in the cut-off range with frequency

can be explained by combination of several factors such as
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(1) errors in the range measurements, (ii) confusion of the
statisties by occasional echoes from height much lower than 100
km (the luminous aurera can at times penetrate as far down as
65 km), (ii1) changes in the longitudinal correlation distance
Wwith frequenecy, We must conclude that the observed cut-off range
is not a reliable indicator of the aspect sensitivity.
6.3 Azimuth distribution

Fig, VII.5 depicts the observed azimuth distribution and the
variation in the azimuth cut-off as a function of frequency. The
plot is centered on geomagnetic north, but it will be seéen that
the histograms tend to peak ten degrees further east which cor-
responds to the bearing of the magnetiec dip pole., The typical
700-800 km range of the echoes having the largest azimuth ex-
cursions are indicated. This diagram contains by far the nost
interesting set of observational data because a well defined law

for the azimuth cut<off as function of frequency is indicated,

of the longitudinal correlation distance over a wide frequency
range,
6.4 Longitudinal correlation distance

Fig., VII.6 shows the curve for the longitudinal correlation
distance, L, as a function of frequency which results from the
azimuth cut-off observations, The upper, left hand part of the
curve indicates that the longitudinal correlation distance de-
creases slowly with wavelength between 100 and 800 Mc/s, The
predicted turnover at about 60 Mc/s is confirmed, and between

52 and 30 Mc/s a rapid variation of L with frequency is apparent,
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This rapld variation does probably not reflect a real variation
in L of this magnitude in the scattering medium, What we see
must be an indication of the effect of incereasing non=deviative
absorption as the observing frequency is decreased. The valug;
for the longitudinal eorrelation distance estimated by Ecckerll
for the frequency range from 25 to 100 Me/s in 1956 and determined
by Presnell et all® in 1959 for the 200-800 Mc/s range is in-

serted for comparison,

The literature contains many references to the high fading
rates of auroral echoes or aurorally propagated e¢w signals; but
there is a dearth of préecise determinations, The curves shown in
Fig, VII.7 summarize theé available informatioén concérning the fre-
quency variation of auroral fading rates, The solid line repre-
sents the "rule of thumb" statement that the fading rate is ten
times the frequency in megacycles. The curve was passed through
a point resulting from a determination by the Lincoln Laborato-
ries, M.I,7. at about 400 Mc/s, Peterson, private communication,
The so0lid line between 50 and 150 Mc/s is based on observations
by Bowlesl7, The number of samples are indicated, The broken
curve 1s the result of a recent set of observations from College,
Hunsucker, private communication, The observations were made

simultanesously on 12 and 18 Me/s using equipowered transmitters

with scaled antennas which i1lluminated the same scattering volume,

8. Auroral Doppler shifts

Measurements of the Doppler Shift of auroral echoes have been
made at College by Nicholsl® in the VHF range and by Leadabrand
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et al19 in the VHF range, Nichols used two fixed antennas with
3 db beamwidths of 60 degrees oriented at approximately 30 de-
grees east and west of geomagnetic north and operated at fre-
quencies of 41,15 and 106,0 Mc/s,., He found the major component
of the auroral drift to lie in the east-west direction with the
predominant motion being westward in the evening and eastward in
the morning hours,
Leadabrand et a119 utilized a steerable antenna having a
beamwidth of 3° and operating at 398 Me/s., They also found that
the Doppler shift of auroral echoes was consSistent with east-west
motion, but in contrast to Nichel's result they found no reversal
in the direction of motion near magnetic midnight, A possible
explanation of this apparent discrepancy is illustrated in Fig,
VII.8. In this diagram are shown the regions from which the
Doppler shifted echoes were received by Nicholc (lightly shaded
area) and by Leadabrand et al (solid black area) relative to the
3

pattern of visual aurora alignment and motion deduced by DaViSi.
Nichol's antennas received echoes to the northeast and northwest
of College because of their fixed orientation, Leadabrand et al
observed echoes at somewhat greater range and primarily from the
north due to the requirement of near-perpendicularity to the field
lines at the higher operating frequency.

Leadabrand et al ccme from the portion of the visual auroral
pattern of primarily southward motion of irregularities along the
auroral forms, No abrupt reversal of motion occurs in this por-

tion of the pattern as is the case at positions closer to College,
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Near College a reversal in motion from westward to eastward is
expected to ocecur near local magnetic midnight, Using the
hypothesis that the direction of motion of the reflecting loniza-
tion is that indicated by the motion of the visual aurora, it is
reasonable that the difference in the results obtained by Nichols
and Leadabrand et al éan be attributed to the different regions
from which those investigators obtained the Doppler shifted

auroral echoes,

adio Auroral Zone

In conclusion it may be of interest to consider the general
distribution of radio aurcra over Alaska, A chain of five 41
Mc/s radars was operated in Alaska as part of the IGY auroral
program in the U,S. This chain was laid out approximately along
a magnetle North=South line between the geomagnetic latitudes 51
and 68,5 degrees such that the visual auroral zone was spanned by
overlapping, fixed radar beams, From the distribution of
echoing activity as a function of geomagnetic latitude; Leénafdgo

has deduced a very striking radio auroral zone which 1s in good

agreement with the auroral zone determined from visual

observations during IGY, (See Fig. VII.9)



APPENDIX

Distortion of the Magnetic Field

The magnetic observations at College at times of major
] _ - 21 , . 5 - Cd
auroral activity, Heppner , show that at ground level the varia-

the most disturbed phase, viz,, the negative bay period which
coincides with the aurcral breakup, Similarly, Stfdrmer's observa-
tions in Southern Norway, see Haranggé, of the fluctuations in

the radiant of corona formations on occasions of very large
auroral displays shows that at, say, the 200 km lével the inclina-
tion ehanges do not exceed 1-2 degrees, Neigher of these obseérva=
tions are necessarily representative of the magnitude of the field
distortions at E layer heights, But they indicate that the
variations in the dip angle at 100-110 km may fall far short of
the fluctuations of the order cof 7-15 degrees required to explain
the radio observations in terms of a "glint" return of the radio
waves at normal incidence, Leonard (private communication) has
compared the diurnal variation in inclinatiori at Point Barrow,

800 km northwest of College, with the diurnal variation in occur-
rence of 41 Me¢/s auroral radar echoes observed at College, He
finds that the data indicate no close relationship. Although due
to lack of E layer magnetic data we cannot reach a final conclu-
sion on the role which magnetic field distortion plays in radio

wave returns from auroral ionization, the available evidence

indicates that 1t is not a major factor,
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Refraction and Auroral E Layer Electron Densities

Independent studies of the auroral E layer over and near

College based on regular vertical incidénce soundings by Owren
and Hunsuckerls, and oblique, sweep-frequency backscatter sound-
ings, Bates, private communication, both lead to the result that
the critical frequencies for the thick layer formations fall in-
side the range of 2<6 M¢/s; with 4 Me/s being a representative
value. Thus the average électron density of the part of the E
layer explored by the 1-25 Me¢/s sounders is of the order of 2 x
16 electrOﬁs/cm3. This finding does not exclude the possibility
that higher electron densities can exist in limited volumes and
higher strata of the auroral E layer. But 1t indicates that ray-
bending of VHF waves, which must depénd on the average électron
density in larger voiumes of the E layer; must be slight, The
radiation from a 40 Me/s radar used for studies of radio aurora
will under typical conditions be refracted through an angle of
less than 2 degrees on traversing a parabolic E layer up to the
level of the maximum electron density. Clearly refraction in the
auroral E layer cannot bend VHF waves to normal incidence on the
field lines in high latitudes,

The electron density in the region of space at the 100 km
level which is filled with auroral luminosity can now be fairly
measurements, Murcray, private communication, finds from College,
observations of the auroral emission at 3914A that the electron

density is of the order of 10° ci'l,ec'cr-c;»'xs/c;m:3 for moderately
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bright aurora., This corresponds to a plasma frequency of about
10 Me/s. For very bright auroral forms the electron density is
about 107 eieetrons/emz, corresponding to a plasma frequency of
about 30 Me/s. It was also found by Murcrayzs, that the luminos=
ity of the zénithal aurora correélated well with the upper fre-
quency limit (fEs) for scatter observed simultaneously from the
auroral E layer with the College vertical ineidence sounder,

An interesting HF echo from radio aurora has recently beeén
studied by Bates (private communication) with the oblique in
incidence 1-25 Mc/s sounder, During disturbed conditions a
"slant Es" echo is observed which extends nearly or entirely up
to thé upper freéequency limiit, The linear range versus frequency
increase levels off at a constant slant range of 500 or 600 km
above 20-22 M¢/s, It is found that whenever this backscatter
echo extends above 22-23 Mc/s in frequency, an auroral echo 1is
also observed at the same range of 500 or 600 km on the 41 Mc/s

radar,

Volume Scattering

It has recently been suggested by Forsyt_h“3 that pure volume
scattering from auroral arcs which does not in any way depend on
field-aligned structure may contribute substantially to the rec-

elved radar echoes, If this theory were correct one should ex-

phases of the auroral display., It is known that auroral D

layer absorption is low or absent during this phase, The
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strong auroral absorption is typically assoclated with the
breakup and the post breakup periods,

(b) A radar located in higher geomagnetic latitude than the
auroral zone, for instance at Point Barrow, Resolute Bay or
Thule, should mainly observe auroral echoes from the south.
This is due to two circumstances, namely favorable geometry
for scatter from an auroral aré¢ in the south which presents
a convexly curved target providing a certain focusing effect;
and the fact that mostly rayed auroral forms occur north of
the auroral zone,

Both these possibilities have been tested in carefully planned

and executed experiments by Dvceeh at Point Barrow on 52 Mc/s

using both pulse and ¢w techniques, The results indicated rather

conclusively that only aspect sensitive type backscatter occurs.
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Fig. VII.1 The pattern of auroral alignment and motionm
deduced for the northern hemisphere and showing the position
of 13 high-latitude stations relative to the pattern at 4
universial times. The stations are College (C), Alert (A),
Thule (T), Resolute Bay (R), Godhavn (G), Baker Lake (BL),
Churchill (CH), Meanook (M), Saskateon (S), Kituma (K),
Barrow (B), Cape Chelyuskin (CC), and Cape Schmidt (CS).

The fixed coordinate system indicates geographic colatitude
and local time, and the mobile one indicates geomagnetic
colatitude and longitude, Illeavy lines represent the aurora,
and arrowheads on the lines indicate the direction of motion
of irregularities along the auroral forms. The straight,
dashed line near midnight separates the regions of primarily
wvestward and primarily eastward auroral motion at the
auroral zone., (After Davis, 1961)
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APPENDIX 1

Contents of Previous Reports

Quarterly Progress Report Nos. 1-5, 7, 8 (1 June 1956 = 31
August 1957, 1 December 1957 - 31 May 1958) (one Volume),
This report contains a brief deseription of the phase-
switeh interferometers, and the principal results of the
analysis of one year's recordings, The solar time and
zenith angle dependence of scintillation amplitude are
discussed in detail, and an account is given of some
preliminary angular scintillatien analysis, An adaptation
of Booker's theoretical results to the case of anisotropic
irregularities is inecluded.

Quarterly Progress Report No, 6 (1 September 1957 - 30

_November 1957). This report contains a brief description

of the phase-swéep interferometer and discusses preliminary
results obtained with this equipment. There is an extensive
discussion of the long-duration fades of the star signal and
their interpretation., Some preliminary analysis of phase-
switch data is included, but 1is greatly extended in the
above report,

Supplementary Progress Report (August 1958), This report
contains detailed results of the angular scintillation
analysis at 223 Mc/s. Curves showing RMS angular scintilla-
tion as a function of index number and the relative
probabllity of occurrence of angular deviations greater

than a glven amount are included,
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(6)

(7)

Quarterly Progress Report No. 9 (1 June 1958 - 31 August
(1958). Further details of the angular scintillation
analysis at 223 Mc/s are included,

quarterly Progress Report No, 10 (1 Séptember 1958 - 30
November 1958), This report contains the results of angular
seintillation analysis at 456 Me/s and a brief description
of the digitizing equipment designed for use with the
phase-sweep interferometer, Samples of power prebability
distributions obtalned with this equipment are included.
Quarterly Progress Report Nos. 11=12 (1 December 1958 = 31
May 1959) (one volume), This report contains a theoretical
treatment of the probability distributions of received
power under varying conditions of diffracted wave intensity.

A method of relating our (AE/P)

parameter to the diffracted
wave intensity is pointed out,

Quarterly Progress Report No, 13 (1 June 1959 = 31 August
1959). This report is concerned with the correlation
between scintillation activity and other parameters of
ionospheric disturbance, including magnetic K-indices,

earth potential amplitudes, solar activity and visual

auroral activity,

Technical Reports and Notes:

Technical Report No., 1 (October 1955). This report, pre-
pared as the 1nitial task of the project by C, G, Little,
W. M, Rayton and R, B, Roof, was subtitled "Ionospheric

Effects at VHF and UHF". It contained a review of existing

4



knowledge of this field and an extensive bibliocgraphy. The
review covered a wide scope, including the topics of radar
reflections from aurora, absorption, auroral radio noise,
ionospheric refraction, radioc star scintillation; and radar
reflections from meteors and the moon,

(2) Final Report (Phase I) (February 1959). This report was
primarily intended to cover the enginéering aspects of the
project (Phase I), but the first section was devoted to a
general description of the ailms of the experiment and of the
techniques used. The second and third sections contained
respectively descriptions of the field installation and the
electronie circuits of the phase=switch interferometer,

(3) Supplement to Final Report (Phase I) (January 1960). This
report was intended to supplement the above report by in-
cluding the electronic circuitry associated with the phase-
sweep interferometers, including the digitizing and data-

processing equipment,

(III) Papers Published in the Open Literature and Presented at

i

k2]

:g; tific Conferenceg

e ————

(1) "Review of Ionospheric Effects at VHF and UHF" by C, G.

Little, W. M, Rayton and R, B, Roof, Proc, I.R.E.,, Vol, 44,

pP. 992-1018, (August 1956). This paper was substantially
identical to Technical Report No, 1 described above,

(2) "Fluctuations in the Apparent Amplitude and Position of
Extraterrestrial Radio Sources as Observed near the Auroral

Zone" by J, M, Lansinger, C, G, Little, R. P, Merritt and
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E, Stiltner, Paper read at Commission 5 Meeting of URSI,
Washington, D. C., May 1957. This paper contained a brief
description of the project and its aims, and a preliminary
aceount of results on amplituide and angular scintillation.
"Observations of the Zenith Angle Dependence of Radio Star
Seintillations at Manchester, England and College, Alaska'
by C. G. Little, Paper read at Commission 3 Meeting of

URSI, Pennsylvania State University, October 1958, This
observed zenith angle dependence of radio star secintillation
and the theoretical dependence recently proposed by Booker,
into account the field-alignment of the ionospheric
irregularities causing the scintillation and the finite

angular dimensions of the radio sources,
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