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III OBSERVATIONS OF RADIO STAR SCINTILLATIONS

DURINC AUROA

by

Robert F. Benson

1. Introduction

In the course of an investigation of radio star scintilla-

tions in England, Little and MaxwellI found the scintillations

to be enhanced during intense auroral activity but to be un-

affected by a stable auroral arc slowly moving across the line-

ofrsight 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 Me and the occurrence of aurora 2,3 The

experimental evidence indicates that aurora is always accompanied

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

preliminary results of this study.

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-W direction and every 300



in the geomagnetic N-S direction (Pig. 111.2).

2. Ob se rvat i ons

During November and December of 1959 the radio source in

Cassiopeia was tracked continuously with the 223 Mc phase~swltch

interferometer in an effort to determine the effect of aurora in

the line-of~sight on the scintillations of the radio star signal,

A minute to minute corelation 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 zenith (130 south

of the geographic Zenith at College). The auroral forms crossing

the line-of-sight were very active, as is 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 aurora! display, a Iong-dura
tion fade of the radio star signal was observed on the 223 Mc

phase-switch interferometer. Long-duration fades have been ob-

served previously at College, and have been discussed exten-

sively esewhere . 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

irregularities becoming smaller in angular size than the source

(CAssiopeia, angular diameter 41),

Fig. 1I,.1 shows the ion-duration fade as seen on the

223 Mc phase-:Switch record. Between 2058 and 2107 the char-

acteristic Sinusoidal trace can be seen to disappear coinciding

with a period of intense sc±intillation. Aurora! activity began

at 2039 on this night, and individual all-sky camera frames from

2044 through 2113 are presented in Fig. 111.2. A great increase

in the scintillation activity is observed as the rapidly moving

aurora crosses the star position, which is indicated by the

white circle slightly to the left of center on each frame. The

auroral activity shown in Fig. 111.2 can be summarlzed as

follows:

204-20?57 active aurora! 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 is 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 riometer5 data, which is a contin-

uous presentation of the intensity of 27.6 Mc galactic radio

waves, indicated 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 606 by 1006 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 fades 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 radio star scintillations

were present intermittently during most of the night. One

active auroral sequence is presented in Fig. 111.3, and the

corresponding section of the phase-switch interferometer record

is presented in Fig. 111.4. 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 is 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 occurred 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' i.e., a temporary deviation of the

apparent position of the star by approximately one-quarter of
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the interferometer lobe width (about 10 minutes Of alc 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 indicating 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

scintillation activity was present before the aurora appeared,

or before the aurora crossed 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

directly affect the observed scintillations of the radio signal.

The observations do not imply that the irregularities giving rise

to the scintillations were located at the same level as the most

intense portion of the visual aurora which was probably located

-in the nieghborhood of 100 km. It is emphasized that the all-sky

camera and interferometer records for the two special events re-
produced in this section indicate that the onset of the line-of-

sight aurora and the onset of the extreme changes in the scin-

tillation records were separated by at most one minute.

5



Re fe6reftce 8

1 Little, C4. .., and A. Maxwell, Scintillation of radi6 -stars
during aulrorae and magne-tic storms, J. Atmabapherip and

TerestPh.o 356 -360, 19.52.

2 Reid, Go C4., and E., Stiltner, Radio pr~operties of the
auroral ionosphere Quart. Progr. Rept. 13, Air Force
Contract AP 30(63,55-2887, Project 5535 - Task 45174,
Geophys. In-st., Rept. No. UAG-R954, College,. Alaska, 195,9.

3 Little,0 C606 G., C. Reid, and E6 Stiltner (in, preparation).

4 Little, C6 G., R4 P. Merritt, 16 Stiltner, R. Cognard,
Radio properties of the auroral ionowphe re - Q,-uart Progro
Rept. 6,# Air Force contract AP 30(635T)-2887, Project 5 535
Task 4-5774j Geophys. Inst. Rept. No.6 UAG-R70, College,
Alaska, 19 57.

5Little, C. G.) and M. Leinbach, The riometer "a devIc6 for
the continuoug measurement Of ionospheric absorption, QP

~L 47,315-320, 1959.



Lr)

* ~ 0

00

C~j > v0

7I



22100 10_ 2M1 2112 ---- 21-13

____2 210 d__ I 20 2107

2056 2057 2058 2059 20 _ 20

2050 20512Q5-2 2-05320405

20420450 204 2047 --- 2048 "040

Fig. 111.2 All -sky canera photographs from 2044-2113 1500 WmT
on 26 November 1959. Tlw radio source in Cassiopeia is indicated
by the white circle near the center in each phoLograph. Geomag-
neic north is to the right.



w

r-4

b H0
Lfl 0

-4 O

oU-4

V C $4O

C')

4 0)

4110

$4 $%4 t

0))

- 0 H
f- tf4 C) U



0

0d

U~
44

to0

400

* I10



IV RADIO STAR S INTILLATIONS AND SPREAD F

by

Z. A. Ansari

1. Introductio~n

it is enrally believed that radio star scintillations and

spread P 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 is quite

possible that the irregularities of ion density responsible for

spread V 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

12orig.n of the irregularities At Cambridge, Ryle and Hewish2,

and at Manchester, Little and Maxwell 3, a high correlation was

found between radio star scintillation and spread F but in

Australia, Bolton, Slee and Stanley 4 observing at low angles of

elevation did not -ind any correlation between amplitude scin-

tillations and spread F. A partial correlation was found, however,

by Mills and Thomas5 in Australia between fluctuation index and a

measure of F-reglon activity, which in part includes spread F
activity also. Hartz in Canada after making a simultaneous study

of radio star 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 or eleva-

tion scintillationa occured more frequently.
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26 Method of AnalYsis

The actual procedure of estimating spread P by visual

inspection was given up in favor of a more quantitative method

based on the actual amount of spread in Mc/s measured from the

ionograms. it may be pointed out here that at high latitudes

this method is most suitable owing to the fact that the iono-

grams show very well defined inner and outer edges and hence the

amount of spread can be measured accurately.

A fine spread F index scale from 0 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 Mc/s - .2 Mc/s

1 .3 J I 7'

2 .8-1.

-3 1.31 -1.7

4 l'.8 2,.2
5 2.3 " -2.7"

6 2.8 3 - 3.2

7 3.3 -7'

8 3.8 " -4.2

9 > 4.3"

Rad!o-star scintillation data taken at College, Alaska at 223 and

456 Mo/s was available for April through September 1958. The

12



data was not c ontinuous as each One of the sources Cygnus or

Cassiopeia was tracked continuously Pr four days and then the

other source started. Amplitude scintillations indices obtained

by visual inspection of scintiiltions reacerds were available for

comparison with spread F indices. Result of the comparison is

showed in Fig. XIV6. it appears as if no definite correlation

between the two phenomenon exiSts.
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V SCIN19ILLATI0N OF 8ATELLITE RADIO SIGNALS
IN THE AURORAL ZONE

by

Roy P. Basler and Ronald N. DeWitt

1. Introduction

The presence of electron density irregularities in the iono-

sphere has been well established by observations of scintilla-

tions of radio stars., but the height at which these irregular-
1

ities occur has been a subject of some controversy * As 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 2 concluded that the irregularities must lie

below 350 km. From observations made in England, Kent3 placed

their height above 250 km and decided they were probably most

concentrated between 270 and 320 km. In illinois, Yeh and
4

Swenson observed scintillations which they concluded were pro-

duced by irregularities lying between 200 and 300 km.

Evidence is presented which suggests that the inhomogeneties

responsible 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 Heights

The 650 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

16



ionospheric irregularities moved in an east-west direction with

a velocity determined by the ratio 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

satellite's height and velocity were known, the height of the

irregularities could be measured directly by simple geometry
5

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 circularly polarized "turnstile" antenna to reduce the effects

of Faraday rotation while the satellite was near overhead. The

satellite's 20 Mc/s signal strength was observed by recording the

AGO voltages of Collins 51J-4 receivers on Sanborn recorders with

chart speeds of eithef' 5 or 10 mansec. Since the recording sta-

tions were independent, a means for supplying synchronous time
marks was necessary. This was provided by a narrow band fre-

quency modulated radio link that actuated the time-mark system

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 choice of a relatively large separation between

receiving stations precluded the possibility 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,

17



this feature was a sudden onset of scintillation, or in some

cases, an abrupt increase in the rate or amplitude of the fluc-

tuation. A typical example of records from which one of these

measurements was made is shown in Fig. V.1.

The time difference between the appearance of a feature at

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

the irregularities was computed using the relation

vT = H h

L h

where H is the height of the satellite, h is the height of the

irregularities, L is the distance between receiving stations, v

is 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 two 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-

ducing 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

18



producing scintillations could simultaneously exist at other

heights. For example, on December 18, 1959, irregularities were

observed at both 290 and 460 im 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

Date Universal Height Date Universal Height
1959 Time km 1959 Time km

June 10 0243 850-ii50 Oct, 2 i720 360-520

June 11 2309 670-830 Oct. 8 838 2404-270

June 12 2356 570-670 Nov. 25 0325 500-680
June 13 0138 390440 NOV. 26 0316 350-420

June 24 2105 510-610 Dec. 4 0004 300-360

Aug. 15 0607 3O0-34O Dec. 12 2140 430-460

Sept. 9 0223 680-930 Dec. 1 194o 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 420-104o Dec. 25 1832 430-6O0

Sept. 22 1931 190-2!0 Dec. 25 2010 200-280

Sept. 22 2250 230-280

3. A Method for Determining the Height Distribution of the

irregularities

There was no way of controlling the sampling for the spaced

receiver measurements, and no statistical weight could be given t,

19



the heights listed in Table V.7. Therefore, the following

method was employed to determine whether or not there was any

preferred height of irregularity occurrence.

The perigee precession of 195862 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 Scintillation, This is

because there was greater probability that the satellite would

be eclipsed by irregularities when its height was increased in

the range through which irregularities could occur.

The method was very similar to that used by Yeh and

Swenson 4  The amount of fluctuation of signal strength was

classified subjectively according to the following arbitrary

scintillation indices:

Index Character of Sign4l

0 No scintillation. No deviationfrom smooth Faraday fading pattern.

1 Slight scintillation but Faraday
pattern still discernable.

2 Strong and rapid scintillation 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.i1 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 scintillation similar to those which have been indicated by

6radio star observations at College This is also the general

behavior reported by Yeh and Swenson 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.I1.

21



TABLE V.11

College Number of college Number of College Number of
K"Index Samples K-Index ampis K-Index Sample

0 12 3 95 6 7

1 8-5 4 47 7 7

2 121 5 42 8 1

Fig. V.5 shows an increase of' scintillation with increasing

geomagnetic activity, which is the same general relation observed

at lower latitudes for radio star scintillation7.

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 heights were computed from information supplied by the Space

Track Control Center and by the Smithsonian Astrophysical

Observatory's Satellite Tracking Program.

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
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dependence which would be expected if the regions containing the

irregularities occurred with equal probability at all heights up

to 650 km and were absent at greater heights. This is 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.1Ii gives the number 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 sufficiently distributed in

time to average out the diurnal, seasonal, and magnetic influ-

ences, but it should be made clear that the nature of the

extraneous influences is not well enough understood to test

these points rigorously.
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TALLE V. III

Height Range Nizmber of Height Range Number of
km _SAAMPes km Sp-e

200-25o 25 750-8o0 76
2 50 -00 78 800-850 70

300 350 77 85o-9oo 70

350 400 8i 900950 61

400- 450 85 950-1000 61

450-500 78 1000-1050 45

500 -550 76 1050 ii00 7
5,50-600 77 11001150 18

600- 650 86 1150-12200 14

6150-700 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. Dsuso

The altitude dependence of scintiiation given in Pig4 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 a 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.1) gives support to the former rather than the latter

model.

Thus, it is concluded that the bulk of ionospheric irreg-

ularities occur below 650, k. They seem to occur with about

equal probability between the heights of 250 and 650 kl, and

their presence at greater heights is sporadic.

The heights 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 Bates8 '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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measuremen~t wa.s made. These recordings were made on December 12, 1959,
and the height measured in this case was 430-460 kmn.
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Fig. V.2 Signal strength rccqrding showing examples of all three
scintillation indices. The recording was made on June 26, 1958.
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occurred with equal probability below 650 km and were absent
at greater heights.
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VI SATELLITE RADIO SIGNAL DETERMINATIONS OF UPPER F REGION

ELECTRON DENSITIES IN THE AURORAL ZONE

by

W6 B6 Murcray and J. H. Pope

The Soviet satellites have breen launched in orbits which are

particularly well suited for studies of the ionosphere in Alaska,

An inclination of about 650 and an argument of perigee of approx-

irnately 600 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 frequencies of 20 and 40 megacycles are quite well

suited to study of this region because they are high enough to

penetrate the F region and low enough to be considerably affected

by it. In the second satellite (l957 ) the keying system quit
operating soon after launch, and it transmitted continuous wave

signals. These are well adapted to observations requ rtng fre-

quency measurement because of the absence o' switching transients.

A transmitter which is moving with a radial velocity of

approach _' 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 is given by D - r nF, c being the velocity of light in
e2  1/2

free space Since: n ( - - N) by the Ecc!es-Larmor
7r M F2

equation where e and m are the charge and mass of the electron

and N is the electron density in electrons/cm3 , it is evident
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that if D is measured and ' and V are known, one can determine N.

This procedure is commonly used to measure ele ctron densities

2
from rockets However, if this method is used, one must know r

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

ionosphere, and the optical path length at a given distance r will

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 f N dr be-

tween satellite and observing station, and would be an additional

source of informat-oft provided it could be separated from the

other effects.

The Russian satellites transmitted on two frequencies. If

we let F be the frequency of the 20 megacycle transmitter and F

that of the 40 Mc one, then Zl and D are the corresponding
2

Doppler frequencies, The ratio of these Doppler frequencies then

±8

DI F 2 n F

r os o Fpa in ) his eq 2

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

since r is changng with time, it is necessary that the Doppler

frequencies D1 and D be measured simultaneously if the P's are
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to cancel. In practice, this requirement is a source of con-

siderable trouble.

Substituting for n1 and n2 from the Eccles Larmor equation

and solving for N one obtains:

2 2 -( %-
N= _ x lcl electrons/cm

SD 280.5

A little experimentation with this equation shows that is is not

very sensitive to errors in F and F , provided that some means
1D i

exists for accurate determination of the ratio 41
D2

Observations of satellite Doppler curves are 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.
The local oscillator cannot be set exactly on the satellite fre-

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 frequeney from

the satellite, then the Doppler frequency becomes:

D -f + At - F

and the ratio:

D _ 6 1 l 1

I) f 2  4f 2 F2
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f can be determined within a few cycles/sec, and since D is very

small in the vicinity of the time of closest approach when r

approaches zero, the quantity fF can be determined to the same

accuracy as Af, even though the time of closest approach is not

known exactly and neither satellite nor local oscillator fre-

quencies are known to anything like this precision. Consequently,

the ratio_. can be determined with considerable accuracy, pro-
_ D2

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

l957p, the beat frequencies on 20 and 40 Mc were recorded on two

channels of a three-channel Ampex Tape recorder. A time signal

from IWV was revorded 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 resiolution was about 0.01 second in

absolute time, and measurements of the beat freqeuncies 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 orbital data were not sufficiently 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 Observatory3
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The spurious Doppler shirt introduced by the transverse mo-

tion of the satellite through the ionosphere can be roughly cal-

culated , and the observed frequency corrected to take account

of it. In the passages used in the present calculations this

effect is small compared to the effect of local electron densities

at the satellite durinfg most of the run. If the local electron

densities are small, or if ' is small, the transverse motion

effect becomet comparable to oP 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 l01/cm3 . 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, r is

small, and the results again become uncertain for the same reasons

as in the case of low electron density. in this case, however,

the situation can be improved. At the time of closest approach

the slope D of the Doppler curve becomes a maximum.

If I is omnAlone can write for the ratio of the slopes:

D 1 n FI

2 n2 F2
the subscripts again distinguishing the quantities pertaining to

a particular frequency.

34



This gives the same equation for the local electron density

as was derived before except that D,/D 2 has been replaced by

Dl/D2 . It is useful in the region in which ' 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

difficult 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 frequencies, though somewhat more complicated to

calculate. This method then, is also limited by low electron

densities.

Fig. Vli shows an electron density versus height profile

obtained by the foregoing methods. Since the satellite was headed

nearly due east at this latitude, it traversed approximately ten

degrees of longitude per minute. As a result there is a local

time difference of about two hours between 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-

!zontal 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. V1.1 were obtained was

magnetically quiet, and the ionograms show no disturbance. Con-

sequently, it is probable that Conditions at the west end of the

path corres ond roughly to those at Fairbanks an hour earlier,

and at the east end conditions would be like those of Fairbanks
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an hour later. Ion densities shown in the lower layer in Pig.

Vi,2 are obtained from the College 03 records on this assump-

tion, The true height of the F region maximum at College, as

computed from the ionograms was about 290 kilometers. The

satellite was well above this on its closest approach to College,

which was some thirty miles to the north, it should be noted

that Figi VM.! Shows two distinct layers with a pronounced mini

mum between, the second layer having a slightly lower electron

density than the first, so that it 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 electron 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 is 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

5 3about 10 electrons/cm

Pig. Vi.4 shows densities to a higher altitude than either of

the preceeding figures.

37



Appendix VI.1
DoppliP Shifts in Ionized Mcdia

There seems to be a good deal of confusion about the mech

anics 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

1
radial velocity of the transmitter relative to the observer..

The radial velocity is then interpreted as the time rate of

change of the phase path, and the treatment carried on from there.

This is 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 correct relativistic equations to within terms of the

order of (i)2 . (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-

fractive index n (phase index) with a radial component of vel-

ocity of approach r relative to the observing station. The trans-

mitter is sending a continuous frequency f. Then in one second

the satellite will have advanced a distance r toward (or away

from, depending upon the sign of r) the observer, The wave trans-

Qmitted at the beginning of the second has advanced a distance ._d ~ ~ @s ha dacdadthat

There are therefore f waves in the distance: - so that the
n



n
observed wavelength is f. and the observed frequency:

rr

n fn

f

or: f' multiplying numerator and denominator by
1 +

+ n) one obtains the equation f, f 717( 2'

This is the same equation as the one derived by using the Lorentz

transformation within a correction which is smaller than (l2

For satellite velocities, ( n) << I and the Doppler shift is:
c

f = f M" . This: is the so-calied "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, *n 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, an

at closest approach r becomes zero and there is no Doppler shift,

but in the region between these extremes the situation becomes

more complicated because the phase path is in part In the iono-

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 n to express the total rate of

change of phase path length. At the frequencies employed by
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satellites so far, Pn is by far the dominant term, the term

involving -- f ndr being a small correction only. However, in
dt

deriving electron densities, one uses the fact that n at the

satellite differs from the free space value unity, and depending

upon conditions the effect of the integral term may become 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 iohosphere, where the electron

dnsity is small.

Treatment of the case of a variable index of refraction is

complicated by the fact that the propagation path in not a

straight line but the effect in the case considered is not large,
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VII OBSERATION3 OF HIGH LATITUDE RADIO AURORA

by

Leif Owren

I. 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 since 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 frequency intervals from 12 to 780 Mc/s

and by cw techniques on four frequencies from 40 to 400 Mc/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 is located in geomagnetic latitude 6465ON 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

by Vestine1. The magnetic dip at College is 77 .
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2. Visual Aurora inHg -atitudes

It is probably well known that a visual aurora! display

usually starts with the formation of a hfomog~heous arc. In the

auroral zone one generally sees a double arc, consisting of two

similar structures parallel to each other. Daviz 2 ' 3 has recently

found from IGY studies in Alaska that the two arcs are connected

by a lo:op at their eastern end. The looped arc system is

actually stationary in space, with the earth rotating under it

(see Fig. VII.l). The western part is quiescent and the eastern

part active with the arc broken up into rays and curtainsi. At a

given location south of the center line of the auroral zone, a

quiescent period lasting for an hour or more is therefore asually

followed by a period when the active section of the arc structure

comes into view. During this so-called breakup period a given

station may see a complete transformation of the rayed arc into

curtains and rays. Following the breakup which usually occurs

around magnetic midnight, an eastern branch of the auroral struc-

ture consisting mostly of diffuse forms of luminoislty 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 66.50 geomgnetic latitude a development of the

aurora! 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 period if

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 motion

can usually be found somewhere between the geomagnetic latitudes

62 and 706. The aurora forming south of this disontinuity

shows a (first) motion southwards whereas the aurora forming

north of it tends to move northwards; see Davis and Kimball7 .

The detailed str-ucture such as rays and curls appearing in an arc

move along it in a clockwise direction, This clockwise motion

changes to a countePclockwise direction of motion for the diffuse

structures occurring during the post breakup phase, generally

after magnetic midnight.

The aurora! arcs may be described as thin, wide sheets of

luminosity (and ionization) extending a few thousand kilometers

parallel to the geomagnetic latitude circles. Vertically an arc

extends from about 100 to at least 120 km. The vertical extent

is markedly dependent on the sunspot cyc!e. 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 Latitudes

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

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

by Herlofson5 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 (Chapman -hat a radar ray from

Jodrell Bank could be normally incident on an auroral are over the
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Faert Islands at a height of 1i3 km for the specified slant
6

range. Following this and similar observations, Chapman worked

out the geometry of specular radio reflections from fieid-aligned

auroral forms using an earth-centered dipole to describe the geo-

magnetic field. Chapman's calculations showed that strictly

perpendicular incidence on the undisturbed field configuration

at a height of not less than 100 km could not be achieved for

high latitude locations above 62" geomagnetia latitude, such as

College, Troms and Kiruna

The experimental facts are that transielit VHM radar echoes

are observed regularly at these high latitude St~tions during

times of visual aurora! 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 typically between

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

tions of the elevation angles has shown that the heights of the
echoing centers tend to cluster in the interval from 100 to 110

km regardless of the geomagnetic latitude of the observing sta-

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

to be untenable before 1957, but shall concentrate on ideas

which have been under consideration during the last three years

and may provide a proper basis for further discussions.
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The xperimental findings clearly m-ake it necessary to

modify in some way the original theory of specular reflection

from aurora! forms aligned With the undistorted geomagnetic

f ield. One line of thought is to maintain the conditioln of

stricty perptndyular incidence of the radio waves on field

aligned aurora! 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-

Pul, is to weaken the condition of st-ict perpendicularity and
replace the specular reflection by backscatter at qegrly per-

pendicular incidence. This theory was suggested by Moore8'9

10
extended by kooker, Gartlein and Nichols and subsequently

developed mathematically by Booker The theory of scattering

from field~aligned electron density irregularities introduces the

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

in this theory the largest "offmperpendicular angle" at which a

radio wave can be incident on the field direction and yet pro-

duce a detectable scatter signal becomes an important parameter.

A third idea, advanoed by Forsyth,- --- is a hybrid type theory

whereby the radar echoes may be returned partly by pure volume

scattering in auroral ionization without recourse to field-

aligned irregularities, and partly by specular reflections or

scatter from field-aligned auroral luminosity.

Consideration of the available experimental evidence (see

Appendix) indicates that neither the distortion of the magnetic

field nor the average electron density Of the aurora! 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

the theory of pure volurie scattering from auroral ionization.

For Puture reference we quote (see Appendix) the following re

sults fop the electron density in the auroral E layer. HF

soundings at vertical and oblique incidence indicate that the

average electron density of that part of the E layer which can

be so explored corresponds to a plasma frequency of about 4 Mc/s

or 2 x 10 electrons/cm 3. Photoelectric measurements of the

luminous aurora indicate that for moderately bright forms there

exists in limited volumes an electron density of about 106 elec-

trons/cm 3, corresponding to a plasma frequency of about 10 Mc/s.

For very bright forms the electron density may be as high as 107

electrons/cm 3, corresponding to a local plasma frequency of about

30 Mc/s.

4. Theory of Scattering In FieldAgn? rrguarities

The scattering theory developed by Booker ll is a statistical

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, 4N, from the average local value, N, is

assumed to be given by an error law. More precisely, the auto-

covariance of the relative deviation in capacitivity, Ae/e, 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 explicitly stated.

1. The refractive index of the medium seen by the incident radio

waves must be approximately equal to unity, pi.

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 _pgt4ali tationary stoehastic 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 Mc/s

when the Scattering volume is associated 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

I 2X + 2 z2-
F 1 (x 2

(1) p(X,y,Z) exi- o.__
I P

The theory then leads to an expression for the ratio of the rec-

eived power, PR' to the transmitted pQwer, PT
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T2  r/ 2 2.. 1%(NT e e /2 - 2

where T is the correlation distance transverse to the axis of
symmetry of the irregularities,

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

Sthe offperpedclar angle (complement to the angle

0 between the diriection of incidence and the axis of
symmetry) at the bottom of the scattering volume,

x the plasma wavelength corresponding to the electron
N density,

X 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 been omitted in Equation (2).

The aspect sensitivity is characterized by the factor

() i - erf (21/2 27L

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 echoes. 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 offrperpendicular

angle, qo, 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 0, must necessarily be based on a model for,

the earth's magnetic field at E layer heikhts. Such models may

be based on either the simple centered dipole field or th-

earth's main field. in the latter case one uses the surfaoe

field and assumes that the surface values of the magnetic

declination and inclination may be used at ionospheric heights.

The observations of radio 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 a single value of the

longitudinal correlation distance, L, should suffice to describe

the radio aurora observations at all frequencies. This appears

to be a point more of mathematical convenienoe 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

electron density contours of the scattering irregularities.
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The upper frequency limit for detection of aurOral echoes

is determined by the exponential factor

(4) exp (-8r2T2 /?xA

This factor becomes very small when ?v2 T The intensity

variation of the backscattered echoes as a fuziotion of frequency

therefore permits an observational estimate 6 f the transverse

correlation distance T.

We have noted that the refractive index seen by the ex

ploring radio waves in the auroral ionization may start to

deviate markedly from unity if We go below about 60 Mc/s. In

addition D layer absorption will also increasingly influence the

observations as we decrease the frequency below 100 Mc/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-perpend-

icular angle will be underestimated, and the longitudinal

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 longitudinal correlation distance should show a turning

point at about 60 Me/s.

5. High, Latitude Observations of Radio 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 penilbeam radar

in the high MP and the UHF band. A steerable parabolic re"

flector antenna with a diameter of 6! feet (20 meters) operated

with medium power pulse transmitters at the frequencies 216, 398

and 780 Mc/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 respectiveiy discrete aind diffuse according to the echo

appearance, Leadabrand et a! 4 , Presnel et al * The discrete

echoes have short duration and are oriented almost vertically in

the B layer, typically between 90 and 130 km. These echoes occur

mostly at night, when the t 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

in the E layer, extending over a few hundred kilometers in the

magnetic NorthSouth direction. These echoes are almost invar-

iably associated with scattering centers in the sunlit E layer

occurring typically in the height interval 90U1 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-

fuse echoes are in complete agreement with those expected from

the theory of aspect sensitive scattering.

An interesting question arising in connection with radio
aurora is whether aspect sensitive scatter~ng is maintained in

55



the HF range or simple volume scattering finally takes over.

With a steadily weakening aspect senitivity for decreasing fre-

quency, one should eventually be able to obtain aurora! echoes

from the South, A high resolution 2.3 Mc/s ba:Okscatter sounder

with rotating antenna and PPI display was operated at College

during most of the year 19,57. A study of the records reveals

that occasionally during periods of aurora! activity a short

range V layer echo is returned from all azimuths, Owren and

Hunsucker 16S 'The PPI display shows the echo as forming a com

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

direction of geomagnetic north of 150 km and a typical minimum

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 is returned by backscatter at angles between 20 and 30 de-

grees.

6. Sn~nry and Discussion of College Observations Between !2-800

The main observational facts concerning the College observa-

tions over the frequency range from 12 to 800 Mo/s will now be

summarized by means of a set of diagrams.

6.1 Diurnal variation

Fig. VII,2 shows the diurnal distributjon of auroral echoes
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for the three frequencies 12.3, 41 and 216 Mc/s. The 12 Mc/s

data are for long range echoes propagated by the F layer in the

daytime and the Es ayer at night. The coinciding afternoon

peaks for the diffuse 216 Mc/s and the 12 Mc/s echoes may be

noted.

6.2 Range distribution

Fig. VI.3 is remarkable because it indicates that the range

Out-off occurs at the same range of 300 km for all frequencies

from 41 up to 398 Mc/s. This result is contrary to the predic-

tiOn of the theory for aspect sensitive backcatter and requires

explanation., Inspection of Fig. VII.4 may help to provide the

clue. The solid, 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.

This is precisely the kind of assumption one has to make in order

to deduce the largest off-perpendicular angle from the range cut-

off observed with a wide beam radar. The constant value of 7,50

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 a1i,

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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(i) errors in the range measurements, (ii) confusion of the

statistics by occasional echoes from height much lower than 100

km (the luminous aurora can at times penetrate as far down as

65 kin), (iii) changes in the longitudinal correlation distance

with Prequency. We must conclude that the observed cut-off range

is not a reliable indicator of the aspect sensitivity.

6.3 Azimuth distribution

Fig. VI.5 depicts the observed azimuth distribution and the

variation in, the azimth cut-ofT as a function of frequency. The

plot is centered on geomagnetic north, but it will be seen that

the histograms tend to peak ten degrees further east which cor-

responds to the bearing of the magnetic 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 most

interesting set of observational data because a well defined law

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

The slanting broken curve provides the means for a determination

of the longitudinal correlation distance over a wide frequency

range.

6.4 Long tudinal 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 Mo/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 rapid 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 increasing non-deviative

absorption as the observing frequency is decreased. The values

for the longitudinal correlation distance estimated 
by bookerI I

for the frequency range from 25 to 100 Mc/s in 1956 and determined

by Presneli et ai1 5 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 cw signals, but

there is a dearth of precise determinations. The curves shown in

Fig. VII.7 summarize the available information concerning the fre-

quency variation of aurora 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.. at about 400 Me/s, Peterson, private communication.

The solid line between 50 and 150 Mc/s is based on observations

by Bowles1 7. The number of samples are indicated. The broken

curve is the result of a recent set of observations from College,

Hunsucker, private communication. The observations were made

simultaneously on 12 and 18 Mc/s using equipowered transmitters

with scaled antennas which illuminated the same scattering volume.

8. Auroral Doppler Shifts

Measurements of the Doppler Shift of auroral echoes have been

made at College by Nichols18 in the VHF range and by Leadabrand
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1
et al 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 !06.0 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 a!19 utilized a steerable antenna having a

beamwidth of 36 and operating at 398 Mo/s. They also found that

the Doppler shift of auroral echoes was consistent with east-west

motion, but in contrast to Nich-ols result they Pound 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 Nichols (lightly shaded

area) and by Leadabrand et al (solid black area) relative to the

'3
pattern of visual aurora alignment and motion deduced by Davis

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.

It is seen in Fig. V11.8 that the echoes received by

Leadabrand et al come 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 p or-

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 occur near local magnetic midnight. Using tI,e

hypothesis that the direction of motion d± the reflecting ioniza-

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 can be attributed to the different regions

from Which those investigators obtained the Doppler shifted

auroral echoes.

9. The Radio Auroral Zone

In conclusion it may be of interest to consider the general

distribution of radio aurora 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 magnetic 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, Leonard
20

has deduced a very striking radio aurora! zone which is in good

agreement with the auroral zone determined from visual

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

Distortion or the Mge I il

The magnetic observations at College at times of major
21

auroral activity, Heppner , show that at ground level the varia-

tions in inclination are no larger than 1-2 degrees even during

the most disturbed phase, viz,, the negative bay period which

coincides with the auroral breakup. Similarly, St~rmerls observa
22

tions in Southern Norway, see Harang 2 of the fluctuations in

the radiant of corona formations on occasions of very large

auroral displays shows that at, say, the 200 km level the inclina-

tion changes do not exceed 1-2 degrees. Neigher of these observa-

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 of 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 inclination at Point Barrow,

800 km northwest of College, with the diurnal variation in occur-

rence of 41 Mc/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 it is not a major factor.
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Refraction and Auroral-,E L-aye Electron Densities

Independent studies of the auroral B layer over and near

College based on regular vertical incidence soundings by Owren

and Hunsucker , and oblique, sweep-frequency backscatter sound-

ing8j, Bates, private communication, both lead to the result that

the critical frequencies for the thick layer Iormations fall in-

side the range of 2-6 Mc/s, with 4 Mc/s being a representative

value. Thus the average electron density of the part of the E

layer explored by the 1 25 Mc/s sounders is of the order of 2 x

105 electrons/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 it indicates that ray-

bending of VHIF waves, which must depend on the average electron

density in larger volumes of the E layer, must be slight. The

radiation from a 40 Mc/s radar used for studies of radio aurora

will under typical conditions be refracted through an angle of

leas 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 new be fairly

accurately estimated from absolutely calibrated photoelectric

measurements. Murcray, private communication, finds from College,

observations of the auroral emission at 3914A that the electron

density is of the order of 106 electrons/cm for moderately
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bright aurora. This corresponds to a plasma frequency of about

10 Mc/s. For very bright auroral forms the electron density is

7 3about 10 electrons/cm , corresponding to a plasma frequency of

about 30 Mc/s. it was also found by Murcray 2 , that the luminos-

ity of the zenithal aurora correlated well with the upper fre

queney limit (fPEs) for scatter observed simultaneously from the

auroral t layer with the College vertical incidence sounder.

An interesting HF echo from radio aurora has recently been

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 the upper frequency limiit. The linear range versus frequency

increase levels off at a constant slant range of 500 or 600 km

above 20-22 Mc/s. it is found that whenever this backScatter

echo extends above 22-23 Mc/s in frequency, an auroral echo is

also observed at the same range of 500 or 600 km on the 41 M/s

radar.

Volume Scattering

It has recently been suggested by Forsyth that pure volume

scattering from auroral arcs which does not in any way depend on

field-aligned structure may contribute substantially to the rec-

eived radar echoes. If this theory were correct one should ex-

pect that:

(a) Echoes were observed from auroral arcs at small zenith dist-

ance (large elevation angle) during the first of the three

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 associated 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, sh6ould mainly observe auroral echoes from the South6

This is due to two Circumstances, namely favorable geometry

for scatter from an auroral arc in the south which presents

a 0onvexly curved target providing a certain focusing effect)

and the fact that mostly rayed aurora! forms occur north of

the auroral zone.

Both these possibilities have been tested in carefully planned

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

using both pulse and cw techniques. The results indicated rather

conclusively that only aspect sensitive type backscatter occurs.
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Fig. VII.l The pattern of auroral alignment and motion
deduced for the northern hemisphere and showing the positionl
of 13 high-latitude stations relative to the pattern at 4
viversial times. The station~s are College (C) Alert (A),
Thule (T), Resolute Bay (R), Godhavn (Q), Baker Lake (BL)L,
Churchill (CH), meanook (m), Saskatoon (S) r un a (K)
Barrow (B), Cape Chelyus-kin (CC), an~d Cape Schmidt (CS).
The fixed coordinate system indicates geographic golatitude
and local time, and the mobile one indicates geomagnetic
colatitude and longitude. Heavy 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 midnighL separates the regions of primarily
westward and primarily east ard aurorgai motion at the

auroral zone. (After Davis, 1961)
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APPENDIX I

Contents of Previous Reports

(IQpgrterly --rgep prs

(1) Quarterly Progress Report Nos. 1 5, 7, 8 (1 june 1956 31

August 1957, 1 December 1957 - 31 May 19158)(one Volume).

This report contains a brief description of the phase-

switch 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 scintillation analysis. An adaptation

of Booker's theoretical results to the case of anisotropic

irregularities is included.

(2) Quarterly Progress Report No. 6 (1 September 1957 - 30

.November 1957). This report contains a brief description

of the phase-sweep 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 is greatly extended in the

above report.,

(3) 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

probability of occurrence of angular deviations greater

than a given amount are included.
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(4) Quarterly Progress Report No. 9 (1 June i958 - 31 AugUst

(1958). Further details of the angular scintillation

analysis at 223 Mo/s are included.

(5) Quarterly Progress Report No. 10 (1 September 1958 - 30

November 19 58). This report contains the results of angular

scintillation analysis at 456 Mo/s and a brief description

of the digitizing equipment designed for use with the

phase-sweep interferometer. samples of power probability

distributions obtained with this equipment are included,

(6) Quarterly Progress Report Nos, i1N12 (1 December i958 - 31

May i959) (one v6lume). 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 ( P/P) parameter to the diffracted

wave intensity is pointed out.

(7) 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.

(II) Technical Reports and Notes:

(1) Technical Report No. 1 (October 1955). This report, pre-

pared as the initial task of the project by C. G. Little,

W. M. Rayton and R. B. Roof, was subtitled "Ionospheric

Effects at VHF and UH.". It contained a review of existing
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knowledge of this field and an extensive bibiography. The

review covered a wide scope, including the topics of radar

reflections frorn aurora, absorption, auroral radio noise,

ionospheric refraction, tadio star slintillation, and radar

reflections from meteors and the moon.

(2) Pinal Report (Phase i) (Februaty 1959). This report was

primarily intended to cover the engineering aspects of the

project (Phase I), but the first section was devoted to a

general description of the aims of the experiment and of the

techniques used. The second and third sections contained

reppectively descriptions of the field installation and the

electronic circuits of the phase switch interferometer.

(3) Applement 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 Puiblished in the OpenLieauendrsntdt

(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. 0., May i957. This paper contained a brief

description of the project and its aims, and a prelminary

account of results on amplitude and angular scintillation.

(5) "Observations of the Zenith Angle Dependence of RAdio Star

Scintillations at Manchester, England and Col ege, Alaska"

by C. G, Little. Paper read at Commission 3 Meeting of

URS1, Pennsylvania State University, October 1958. This

paper is concerned with the very great discrepancies between

observed zenith angle dependence of radio star scintillation

and the theoretical dependence recently proposed by Booker.

An explanation of these discrepancies is given by taking

into account the field align ment of the ionospheric

i~egularities causing the scintillation and the finite

angular dimensions of the radio sources.
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