7

UNIVERSITY
of ALASKA

Many Traditions One Alaska

Drift Motions of Auroral lonization

ltem Type Report
Authors Nichols, B.
Publisher Geophysical Institute at the University of Alaska

Download date

04/08/2022 17:09:51

Link to Item

http://hdl.handle.net/11122/3577



http://hdl.handle.net/11122/3577

GEO

= HYSICAL INSTITUTE

Roktetin » MEESOE MR o0 o
%?L‘;; &..’! el e

e gl
3 e

oo P
38 3ect”
v

it a0
iihad 55 o,

UNIVERSITY
OF ALASKA

"

e g

3002
>

COLLEGE
ALASKA

[LAC 8-y

Scientific Report No. 1

;35 AF 19(604)-1859

‘ﬁ, July 1957

DRIFT MOTIONS OF AURORAL IONIZATION

¥
by

o B. Nichols

The research reported in this document has been sponsored
by the Electronic Research Directorate of the Air Force
Cambridge Research Center, Air Research and Development
Command .




GEOPHYSICAL INSTITUTE

AT THE

AFCRC TN-58-123

UNIVERSITY OF ALASKA AD 146832

Scientific Report No. 1
Air Force Research Contract No. AF 19(604)-1859

July 1957

DRIFT MOTIONS OF AURORAL IONIZATION

By

B. Nichols _

The research reported in this document has been sponsored by
the Electronic Research Directorate of the Air Force Cambridge
Research Center, Air Research and Development Command. (This
thesis was submitted in July, 1957, to the University of Alaska
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy.)

C. T. Elvey
Director of the Institute

Date: July 1957



Contents

List of Illustrationg

Abstract

Introduction

Chapter I

Chapter II

Chapter III

Chapter IV

Chapter V

Chapter VI

General Motions in the Ionosphere

1. Visual Observations of Ionospheric
Motions

2. Radio Observations of Ionospheric
Motiong

3. Motions of Auroral Ionization

Motions of Vigible Auroral Forms

High Latitude Electron Motions
Inferred from Magnetic Storms

Ontline of Our Experiment and Sample Data

1, The Equipment

2, Sample Data and Interpretation

3. Bffect of Finite Transmitter-Receiver
Spacing

o An Interferometer Experiment

Auroral Radio Echoes and Our Power
Measurements

1. General Nature of Auroral Echoes

2. The Booker Auroral Echo Theory

3, Parameters Obtained from Our
Experiment

L, Comparison with Echo Strengths at
400 Mc/s

Summary of the Results of Our Drift
Motion Measurements

1. Summary of Results

2. Description and Interpretation of
Sample Records

3. Conclugions

. % T

Page
iii

@ ~3 W

12
19
2

33

33
7
60

63

70
7h
78

82
8%
85

91
95



Number

N W W

10

11
12

13

1y
15

16

17
18

19

List of Illustrations

Per Cent of Disturbance Versgus Speed
Mean Equivalent Current System for Polar
Magnetic Storms during Second Polar Year
(after 7. Nagata)

Antenna Locations and Orientations
Transmitter Site and Antennas

The Transmitter

106 Mc/s Receiving Antennas Measured Power
Polar Diagrams

41.15 Mc/s Receiving Antennas Measured
Power Polar Diagrams

Elevation Power Gain (transmitter-receiver)
Receiving Site and Antennas

Receiving, Recording, and Analyzing
Equipment

Block Diagrams
Sample Frequency Spectra

Simultgneous Frequency Spectra on 30° .
and 30 W Antennas

Some Examples of Frequency Spectra

Frequency Spectra Showing Reversal of
Drift Motion

Effect of Antenna Beams on Frequency Spectra
Interferometer Antennas

Sample Frequency Spectra of Echoes Received
on Interferometer

Sample Frequency Spectra from Interferometer
and Single Antenna

-1ii-

Page
15
28

35
36
36
39

b3
b3

51
54

56
58

59
65
67

68



Number

20

21

List of Illustrations (continued)

Contours of Off-Perpendicular Angle at
100 Km

Yocturnal Variation of Drift Motions to
Bast and West

Page
73

88



Abstract

The primary subject of this report is the drift motions
of auroral ionization. The existence of rapid motions of the ioniza-
tion has been demonstrated in previous radar studies of the aurora,
but neither the nature of the motions nor their explanation has been
established until now. The purpose of our experimental observations
vwas to determine the direction and speeds of the motions, In doing
so, we obtained additional information concerning the general nature
of the auroral ionization,

Meaéurements were taken at College, Alaska, during the

winter and spring of 1956-57, using CW transmitters. 3By locating

the transmitters at Eielson Air Force Base, it was possible to separate

the transmitters and the receivers by 42 kilometers along a geomag-
netically east-west l1ine. The basic technique used was to examine
the frequency spectra of radio echoes from the aurora at 106 Mc/s
and 41.15 Mc/s. A comparison of the results obtained at 106 Mc/s
and 41.15 Mc/s showed that the frequency shifts are proportional to
the transmitted frequency, as would be expected of Doppler shifts.

By measuring the spectra of the echoes received from east
and west of geomagnetic north at the same time, it was possible to
determine the following:

(1) That the motions are generally horizontal and in the
geomagnetic east-west plane; and

(34) 'That the speeds of the motions vary from 350 meters
per second to 2,000 meters per second.

On the basis of our experimental results and the published
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literature, we show that the electron drift motions in the aurora
are of the same order of magnitude and direction as the motions of
the electrons in the ionospheric current system required to explain
magnetic disturbances, These electron motions produce the Doppler
shifts that are responsible for the well known rapid fading of
auroral radio echoes. The fading of radar auroral echoes is there-
fore associated with the increased electric fields which drive the
currents in auroral regions.

Following a review of the available information concern-
ing general motions in the ionosphere, motions of the visidle aurora,
and motions inferred from magnetic storms, we show that the drift
motions of auroral ionization do not constitute a separate and dis-
tinct group. Instead, they are found at the upper end of a contin-
uous curve of increasing speed of motions with increasing magnetic
disturbance. The intense ionospheric currents that produce the mag-
netic disturbances are found to be associated with both inereased
electron density and increased speed of motion.

In our examination of the amplitude of VEF radio auroral
echoes, the bYasic premises of the theory of scattering by noniso-
tropic irregularities produced dy turbulence [Booker, 1956] are
found to be satisfactory. However, the numerical values of the para-
meters suggested by Booker require revision. In particular, our re-
sults indicate that the mean square fractional deviation of electron
density is much greater than Booker conjectured on the basis of the
then available evidence; in fact, it is greater by two to three or-

ders of ten.
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Introduction

This report is primarily concerned with the drif$ motions
of auroral ionization. The aurera is an extremely complex, rapidly
changing phenomenon that ocours over broad regions of the earth. XNo
investigation made at & single place for a limited period of time
could hope to present a complete picture of auroral motions, More-
over, Soforo any such complete study 1s undertaken, it is important
t0 understand the significance of the various measurements involved,
The chief result of the present study has been t0 show that the rapid
motions observed by radio means are a measure of the iomospherie
current systems associated with the nuroro..‘:'

The motions associated with auroras constitute a predlem
that remains to be solved fully. As seon visually or photographically,
the auroral forms may move very rapidly across the sky. Even among
experienced observers there is not complete sgreement as to the
character of these motions, much less as t0 their interpretation,
Sinece 1940, and at a greatly aceelerated pace following the second
world war, radio means have besn used t0 investigate the aurora.

The ohief method has been the wuse of radars at neter wavelengths,
but imformation has bDeen obtained aleo from the postwar studles of
the eolntillations of the so=0alled radio stars. All observers have
agreed that the rapidity of the fading of radar echoes and of the
sointillations must be caused by notions in the aurors whose speed
is about a pover of ten faster than is normally measured in other
ionospheric observations.

The observers are not agreed as $0 the physical mechanism
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responsible for the radioc echoses from aurora. It now seems clear,
however, that the echoss arise from relatively weak btackscatter of
radio waves from nonisotropic irregularities of ionization in the
auroral region, A theory that seems %o £it most of the obgerved
effects has recently been presented by Booker E1956}& In his con-
clusion, Booker points out that “the most serious objection %o re-
garding turbulence as the cause of the irregularities required to
explain auroral echoes is that the fading phenomena cannot possibly
be explained in terms of wind-speed and turbulence.® An additional
aspect of our results has been to show that, while the general
features of Booker's theory are probably correct, it is necessary
t0 revise quantitatively his estimates 0f auroral ionization.
Auroral motiors take place in the jomosphers, chiefly in
the B region. In recent ysars the evidence concerning the speed
and direction of motions——principally nonauroral motions--in the
jonosphere has increased greatly. One striking feature of the
radio observations from the point of view of the present investiga-
tion hes been the association of inereases in the speeds of motions
with increases in magnetic activity. These magnetic disturbances
can be explained in terms of current systems in the ionosphere and
in high latitudes are associated with auroras. Unfortunately, mos$
of the radio measurements have heen made in lower latitudes, so the
results will have to be used with some care in considering auroral
motions, A study of the motion of auvroral jonization should there-
fore consider general motions in the {onosphere, the motion of the
vigible aurora, and the disturbance current systems just mentioned,

In Chapter I we shall describe the various data on general




motions in the ionosphere, except data derived from visually observed
motions of auroras. It will be necessary to consider the relationship
of wind speeds to the motion of charged particles in order to deter-
mine the significance of the radio data.

Chapter II will summarize the available information on
motions of visual auroral forms, It will be shown that this informa-
tion, while highly valuable, is still %00 incomplete to be conclusive.

The relsvant parts of the extensive knowledge concerning
magnetic storms and the ionospheric current system will be discussed
in Chapter III. It will be seen that there is a close relationship
between these current systems and the morphology of the aurora.

The experimental thage of the study described herewith
took place at College, Alaska, from January to April 1957. It was
concerned with determining the drif$ velocities of auroral ioniza-
tion by using radio Doppler shift techniques. This method was first
used by Bowles [195&, 1955], who was able to measure the radial com-
ponents of the velocities. Bowles, however, was able only to con-
Jecture as to the actual direction of the motions and therefore as
to the actual velocities. He concluded that the motions involved
were along the lines of force of the geomagnetic field and at speeds
of 10 to 100 kilometers per second. Instead, the results to be
described herewith indicate clearly that the motions are generally
east-west and horizontal; their speeds are 350 to 2,000 meters per
gecond.

These drift motions will be shown to be of the same order
of magnitude and directioﬂ as the electrons in the ionospheric cur-

rent system required %o explain the magnetic disturbances. They
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are a factor of tenr greater than the normally measured ionospheric
winds. The rapid fading of auroral radic echoes can be associated
with the increased electric fields which drive the currents in au-~
roral regions,

The experimental equipment and procedure used in our
experiment will be descrited in Chapter IV, and some typical records
will be shown. The interpretation of these records will be dis-
cussed.,

In Chapter V we shall review the various observations
and explanations of auroral radic echoes in order to interpret our
results properly. We shall compute estimetes of the auroral ioniza-
tion required %o explain the strength of our echoes,

In Chapter VI the resulis of our measurements will be
summarized, The relationsghip of the measured drift motions to
magnetic observations will be discussed. Several examples of the
comparison of our measurements %0 the simultaneous magnetic observa-

tions made at College and Point Barrow, Alagka, will be presented.




Chapter I. General Motions in the Ionosphere

An understanding of the motions of auroral ionization must
inevitably be based to some extent upon a knowledge of the various
motions taking place in the ionosphere. Unfortunately, only a quite
limited picture of ionospheric motions can be given at the present
time, particularly for high latitudes, Furthermore, even though some
of the radio observations under magnetically quiet conditions proba;
bly map actual wind systems, this is not generally true. For the
magnetically disturbed and auroral ionosphere, it is doubtful whether
any of the radio observations refer directly to wind systems.

With these limitations in mind, we summarize the available
facts in this chapter and discuss the interpretation of the facts.

It is shown that auroral drift motions do not constitute a separate
and distinct group. As a matter of fact, the measured speeds of
motions constantly increase with the increase of magnetic disturb-
ance., The high speeds of auroral motions are at the upper end of a
continuous curve and are directly related to magnetic disturbances.
At times, especially during auroras, the electric field in the iono-
sphere seems t0 increase simultaneously with an increase in ioniza-
tion density and produces the currents responsible for magnetic
disturbances. Since radio techniques meagure the motion of charges,
principally electrons, we conclude that the observed rapid auroral
motions are assoclated with the increased electric field.

The many factors that would have to be considered in a
complete study of ionospheric motions were fully described by Chapman

[1953]. He pointed out the immensity of the task of relating and
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understanding the phenomena of the lower atmosphere--the various layers
and belts, the general circulations, the trade and other wind systems,
the larger features of cyclonic and anticyclonic areas, the topograph-
ical winds, the land and sea breazes, the detailed turbulence, the
various clouds, monsoons, tornadoes, jet streams, etc. Morsover, the
ionosphere is dynamically more active than the lower atmosphere: the
general physical properties of its gases are less well kmown: and

our obgervational knowledge is far inferior.

The ionosphere differs fundamentally from the lower atmos-
phere by the simple fact of its ionization. Motions of the ions and
electrons, taking place in the presence of the geomagnetic field,
will be influenced not only by the mass motion of the neutral gas
but also by electrostatic and electromagnetic forces. The motions
of the charged particles in turn may react on the mass motions of
the air. Since most of our information about ionospheric motions
comes from radio studies, it is important to remember that radio ob-
servations indicate the presence and motion of the electrons, both
of which may differ from that of the main air mass. Ratcliffe [195&}
in his excellent summary of irregularities and movements in the
jonosphere suggested the use of the term "drift" for the movement
of irregularities® of eleciron density to avoid confusion with the

term “wind,® which refers to the movement of the neutral air, Un~

* Ratcliffe points out, "If a radio wave were reflected from a
uniform horizontally siratified ionosphere, there would be no way
of using it to decide whether or not the electrons were drifting
with any coherent motion., It is fortunate . . . that at all
heights in the ionosphere there are irregularities in the elegtron
density . . » "
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fortunately, some authors have not avoided this confusion.

1. Visual Obgervations of Ionogpheric Motions

Measurements of ionospheric motions have been obtained
from visual observations of the aurora, meteor trails, noctiluncent
clouds, and, most recently, of sodium clouds injected into the
ionosphere from a rocket. Since the interpretation is uncertain,
the motion of visual auroras will be regerved for discussion in
the next chapter., There isg little doubt that the other motions
observed visually are directly caused by existing winds at the
heights involved. Although the number of observations has been
limited, it is obviously useful to summarize briefly the velocities
measured.

The sodium-cloud wind obgervations thus far reported
[Edwards, Dedinger, Mauring, and Cooper, 1955] took place in New
Mexico at 1800 local time on October 12, 1955, By tracking the
clouds with theodolites, the wind at the B5-km level was measured
to be 80 m/s (180 mph) to the southeast; at the 100-km level, the
wind was 45 m/s (100 mph) to the northwest, These shearing winds
rapidly distorted the sodium trail,

Noctilucent clouds having heights between 74 and 92 km
are observed at high latitudes in summer, some hours before sunrise
and after sunset. The data on their motions has been summarized dy
Mitra [19529 PP. 334~335, 585]. Although early measurements gave
higher speeds, the more recent information puts the average wind
speed at around 50 m/s.

Many visual observations of long enduring meteor trails
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have been made over the years. Some 1,600 cases were examined by
Olivier [l?h?}. The average speed deduced from these generally crude
measurements was about 50 m/s. More recently, much more accurate
measurements have been made using Super-Schmidt telescopes and photo-
graphic $techniques [Lilier and Whipple, 195&], The velocities

of five persistent meteor trains werse measured as a function of alti-
tude in the range 81 t6 113 km, The winds changéd rapidliy with alti-
tude at the rate of about 20 m/s per km. Winds separated by five km
in height seemed uncorrelated, The maximum wind component reached
about 100 m/s; the mean wind gpeed was 38 m/s.

Although the visual measurements of wind speeds have been
1imited %0 more or less isolaited instances, they have yielded con-
sistent results as far as the megnitude and character of the winds
in the D and B regions of the iomosphere are concerned., The speeds’
may be as high as 100 m/s: the mean value is about 50 m/s. All ob-
servations indieate that the lower regions of the ionesphere are
turbulent, the wind speeds varying rapidly and irregularly with

height,

2, Radio Obgervations of Ionospheriec Motions
Extengive radio measurements of ionospheric motions have
been made in the past decade. The principal methods used have been
as follows?
(i) Measurement, at closely spaced points, of
time shifts in the amplitude pattern at ground level pro-
duced by vertically incident radic waves reflected from

the E or F layer;
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(11) Measurement, at widely spaced points, of time
shifts of iarge scale irregularities in the F regiong

(1i1) Measurement, at points separated by up to a

few kilometers, of the time shifts in the scintillations
of radio starss

(iv) Measurement of the positions of meteor trails
and the radial components of the velocity of drift of the
ionigzed trailss and

(v) Measurement of the motions of auroral ioniza-
tion.

An extensive summary of the results of the measurements
using methods (i) - (iv) was compiled by Briggs and Spencer E195n].
A few of their major conclusions will be mentioned here. They
reported that the mean velocity of the drift in the E region varies
from time to time, but that it has an average value of 80 m/s. It
contains a semidiurnal component of about 30 m/s which has the
general form expected from the theory of atmospheric oscillations
produced by the thermal and tidal action of the sun. The velocities
in the F region are somewhat higher, with directions toward the
east by day and toward the west by night.

Of particular interest from the point of view of our study
ig the increase in the speeds measured during magnetic disturbances.
Using method (i), Chapman[1953] reported that for the F region at
Ottawa the mean drift velocity was independent of the K-index until
X exceeded four. For a K-index of five or greater, the higher ab-
gsorption commonly made echoes too weak for recording. Occasionally,

however, echoes were obtained that invariably indicated drift velocit-
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ies ranging from 200 to 500 m/s. For the F region Chapman reported
a mean drift velocity that increased regularly with the K-index.

Briggs and Spencer [195“]P using the same technique at
Cambridge, England, reported that for the E region the velocity
was independent of the K-index for values between one and five,

High velocities of the order of 500 m/s were nevertheless recorded
in the B region on one occasion during a severe magnetic storm.

For the F region the velocity was independent of K-index until the
value reached five, after which the velocity increased steadily.
For the particular case in whiech F region motions were measured
during a period of aurora, motions were observed first to the west
and then to the east with speeds of up to 750 m/s. On one occasion
a velocity of 1,000 m/s was observed during a magnetic storm.

The most complete studies of the variation of the drift
velocity with the degree of magnetic disturbance [Little and Maxwell,
1952; Maxwell and Little, 1952: Hewish, 1952; Maxwell and Dagg,
19543 Maxwell, 195uj have been made by using method (4ii). The
results of all these studies showed that the increase in the drift
speed is correlated with the increase in the K-index. Speeds up to
1,000 m/s were noted.

The radio star is a versatile tool for studying ionospheric
motions, for as the elevation angle of the radio star under obgerva-
tion varies, its radiation penetrates the ionosphere at different
latitudes. The radiation from different stars, observed at the same
time, will traverse the ionosphere in different longitudes: at cer-
tain times the geomagnetic latitude will be the same, By taking ad-

vantage of this versatility, Maxwell and Dagg were able to determine
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that the drift motions near the auroral zone were twice as great as
those overhead at Jodrell Bank. In general, the wvelocities in two
areas separated by 800 km along the same geomagnetic latitude were
substantially the same. Overhead motions at Jodrell Bank, particular-
ly during magnetically disturbed conditions, were to the west before
midnight and to the east after midnight, Near the auroral zone the
reversal took place at about 2100. The north-south components of
velocity were generally small.

There are two other significant observationsg in connec—
tion with the scintillation measurements. The first is that the size
of the irregularities responsible for the scintillations does not
change as the degree of magnetic disturbance and the speed of motion
vary. The second is that the ampiitude of the scintillations does
not bear a one-to-one correspondence with the degree of magnetic
disturbance. These facts lead directly to the conslusion that the
character of the irregularities is not changed during magnetic dis-
turbances but their speed is inecreased. Such would be the case if
the irregularities were produced by turbulence and acted upon by in-
creased slectric fields during magnetie disturbances.

The chief difficuity in the interpretation of the radio
atar data concerning motions is that no firm conclusion has been
reached as $0 the heights of the irregularities whese motions are
being measured, While many workers in the field believe that the
heights invelved are greater than 400 km, the arguments supporting
this belief are indirect., Recently Booker [1956v 195iB has argued
on the basis of a turbulence theory that the height is much lower,

of the order of 165 km. It is also possible that the measured




direction of motions may be in error., Spencer [1955:ldsmonstratod
that the ionospheric irregularities which produce the scintillations
areé elongated élong the earth's megnetic 1lines of force. The elon-
gated shapes of the amplitude patterns on the ground are therefore
approximately elliptical, with axis ratios greater than five to one,
Under thess conditions the apparent direction of motion lies very
close %o the minor axis of the ellipse. Even in the face of these
uncertainties, it is possible to conclude from the scintillation
measurements that at heights above the E region the magnitude of the

drift motions is correlated with the degree of magnetic disturbance.

3, Motions of Auroral Ionization

We proceed now to examine mors direct measurements of
auroral ionization, BExtremely rapid horizontal motions in the E
region, apparently associated with aurora, have been deduced by Hagg
and Hanson [195&3 from the rapidly changing virtual height of echoes
observed on the ionospheric scunders located at Fort Chimo and Baker
Lake {their type III echoes). The average speed was about 1,200 m/s,
but in several cases it was nearly four km/s,

The major studies of the drift motions of auroral ioniza-
tion based on VHF radio echoes from aurora have been reported by Bowles
[195&, 1955] and Bullough and Kaiser [i955]. The techniques used,
ard the conclusions reachsed, were quite different. Bowles measured
the Doppler shift of CW auroral echoes at College and Kenai, Alaska,
and Ithaca, New York., The measured radial components of velocity
at College were typically about 600 to 1,000 m/s. At Kenai and Ithaca

the radial components were typically about 300-500 m/s. Bowles
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noticed that the Doppler shifts of the CW echoes had no correlation
with the range changes of radar echoss, At times when the radar
range showed no change, the (W echoes continued te show Doppler shifts.
Downward motions (upward shifts in frequency) were correlated with
homogeneous forms of the visible aurora; rayed forms were correlated
with upward motions (downward shifts in frequency). After ruling
out east-west motions on the basis of several occasions when rotation
of the antenna revealed "no large change in the shape of the spec~
trum,” Bowles concluded that the drift motions were directed along
the magnetic lines of force with speeds of 10 to 100 km/s. In
Chapters IV and VI we shall show %hat the resuits of cur experiment
appear to rule out this interpretation.

Bullough and Kaiser [1955} deduced the gpeeds of motion
of the reflecting regions from measurements of the change in rangse
of radar echoes observed at Jodrell Bank, using an aﬁtenna directed
50 degrees west of the geomagnetic meridian., From geometrical con-
siderations they showed that the motions were zlong a parallel of
geomagnetic latitude, The motions were toward the west in the evening
and toward the east in the morning, the reversal occurring between
2100 and 2200, The mean speeds at 1800 and 0600 were about 600 m/s
0 the west and east respectively. Speeds as high as three km/s
were observed. On several occasions regular sequences of moving
echoes were observed. In one case seven echoes with speeds of 500 m/s
in the same direction passed through their antenna beam at intervals
of 11 minutes.

Kaiser | 1955 reported that a detailed analysis of the mag-

netic variation during individual auroras showed that for positive
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and negative bays the auroral motions were toward the west and sast
respectively. In addition, the time of reversal in direction of the
motiong corresponded to the time of reveraal of the mean vertical
component (AZ) of the magnetic disturbance at a station 10 degrees
east of the reflecting region. Kaiser noted that a close relation-
ship between the aureral motions and the atmospheric electric current
system was clear. That close relationghip is also confirmed by our
results as described in Ghapter Vi, even though the Doppler shift
measurements deal directly with the moiions of the charges rather
than with the motions of the reflecting regions.

The correlation of the speed of motions measured by various
radio methods with the degree of magnetic disturbance has already
been noted above. In general, the various authors have plotted curves
as a function of K.-index. The nonlinear character of that index tends
to obascure the direct rglationship between the speeds of motion and
the disturbance of the magnetic field. Accordingly, in Figure 1 we
have replotted several of {he published curves %o show the variation
in &7 as a function of the measured speeds. Since the K-figure at
the different stationg corregponds to a different range of A7y, the
percentage of the A7 corresponding to the highest K-figure, K~9, has
been used., OCurves A, B, and D refer ¢to heights above the E region
and show a smooth increase of A7 as speed of motion increases. The
change in the field is nearly proportional to the square of the speed.
Since the strength of the currents responsible for the magnetiec varia-
tions would depend upon the product of the ionization density and
the speed, it appears that both the speed of motion and the ioniza-

tion density increase during magnetic disturbances, For K-figures
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less than four, the E-region speeds (curve C) seem to be independent
of the magnetic disturvance, but for higher K-figures the shape of
the EB-region curve is very similar to that for the F region. The
E-region curve gives one the impression that twoe mechanisms are in-
volved and that, as the magnetic disturbance increases, the mechanism

responsible for the increase in the currents predominates.

b, Winds and Blectric Fields

The possible mecharisms responsible for the motions of
charges in the ionosphere are winds and electric fields. These are
not independent, for winds moving charges in the presence of the earth's
magnetic field will generate electromotive forces. The probable mo-
tions of charges resulting from the wind systems and electric field
in the ionosphere will be described in the remaining paragraphs of
this chapter. The source of the additional electric fisld present
during magnetic disturbances will be considered in Chapter III, where
a discussion of the relationship of magznetic disturbances to the au-
rora will be found,

The relationship of ionospheric winds %o electric currents
in the jonosphere has been a subject of much interest since 1882,
when B. Stewart suggested that the regular daily magnetic variations
were due %o eleciric currents in the upper atmosphere and that %these
currents were generated by conductors moving across the lines of mag-
netic force--~the atmospheric dynamo theory. Over the ysars the dynamo
theory hae sncouniered quantitative difficulties. A major drawback
was eliminated by the discovery that the tidal oscillations of the

atmosphere at the ground were amplified by a large factor at fono-
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spheric heights. The last obstacle has beem removed by recent studies
of the conductivity of the ionosphere [ Baker and Martym, 1952, 1953;
Fejer, 1953} which show that the effective conductivity is increased
by the polarization of the Hall current.

The so-called effective conductivity defines the flow of
current in the direction of, and in terms of, the applied field.

For an electric field applied perpendicularly to the earth's mag;
netic field, the conductivity is much reduced from that which applies
when the electric field is parallel to the magnetic field, In the
transverse case, however, an additional current may flow perpendicular
to both the electric and magnetic field, namely the Hall current.

If this current is inhibited from flowing, as it would be in the case
of the ionosphere considered as a spherical sheet, the polarigation
bujlt up would increase the effective conductivity.

On the basis of their detailed study of ionospheric cone
ductivity, Baker and Martyn concluded that the dynamo theory is valid
and that the region in which the currents flow ig between 110-150 km
in height. Their analysis also ghowed that, in the lower E region,
ionization moves horizontally with substantially local wind velogity.
In the upper E region, the horizontal motion of ionization may differ
substantially in magnitude and direction from that of the local wind.
In the F region ionization cannot be moved by winde transverse to
the earth's magnetic field. There, high east-wegt drift wvelocities
can be produced only by north-gouth electric fields commnicated
from elsewhere, These electric fields might originate in the E re-
gion by dynemo action and reach the F region along the highly con--

ducting lines of magnetic force.
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The conclusions of Baker and Martyn seem to fit the measure~
ments previously described in this chapter. The various visual measure-
ments of E-region winds gave results of similar magnitude %o the E-re-
gion drift motions measured by radio means under magnetically quiet
conditions., It appears very likely that for quiet conditions the E
region radio measurements are actually measures of wind gpeed,

The continuous variation of the F--region speeds of drift
motion with magnetic disturbances, even for very small disturbances,
confirms the conclusion that the F-region motions are linked to the
electric fields which drive the currents at lower heights.®* In the E
region, however, when the speeds measured are small, they refer to
winds, The faster E-region drift motions are correlated with magnetic
disturbances and undoubtedly are also associated with an inecreased
electric field., It seems more than coincidental that during magnetic
disturbances the E-and F-region drift motions have the same order of

magnitude,

* New evidence has very lately been presented by Dagg f1957],,

vwho showed that the F-region speeds measured by the drift of radio
star scintillations are associated in detail with magnetic records
taken at the same time. He also observed that on some occasions
there was a close correlation between the scintillation amplitude
and the magnetic variations.



Chapter II. Motions of Visible Auroral Forms

The fact that visible auroral forms move is well kmown to
all auroral observers. There is considerable disagreement, however,
both as to the actuwal character of these motions as well as to their
proper interpretation. Perhaps the large-scale auroral photography
program planned for the International Geophysical Year, 1957-58,
will clarify some of the uncertainties. Meanwhile, as no summary
of the data on auroral motions seems to exist in the published litera-
ture, we review the presently available information in this chapter,

There are of course motions associated with the develop-
ment of an aurora, In many cases® the aurora first appears as a
homogeneous arc which may be quiet for a time and then progress to
the south. The arc may develop rayed forms and then break up into
curtaing and rays. Rapid motions and changes in the structure may
be seen, followed by faint patches and pulsating forms. Finally
the aurera may recede toward the north, leaving only a faint glow,

One could describs these sometimes regular and somstimes random
changes in the auroral structure as “"motions.® 1In general, however,
the motions t0 be discussed here are not those associated with the
movement of arcs or the creation of new forms, but those of particular
features of the aurora, for example, the drift of a group of rays

or of a bend in an arc, Even in these cases, it is not at all certain

* Stormer [1955, p. 14 says, "During the 500 nights I have observed
auroras in southern Norway, almost every big aurora was different
from the others, with new fascinating colours and forms and only a
few common characteristics.” However, his description of the smaller
auroras agrees with the summary given here.
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that the apparent drift is in fact a mass motion. However, the use
of the term "motion" leaves this question open.

The most general positive statement deseribing these motions
was made by Meinel and Schulte [1953]. On the basis of wide-angle
photographic sequence records taken at Yerkes Observatory during June
1952 they reported a general movement of auroral features that was
westward in the evening and eastward in the morning. The drift speeds
were maximum in the early evening, decreased $0 a minimum at local
nidnight, and inecreased again in the opposite direction in the early
morning., The magnitude of the drifits varied betwsen about 100 and
1,300 meters per second.

The gimple picture of Meinsl and Schulte was disputed by
other experienced observers. KMeek 195&&}9 using similar egquipment
at Saskatoon, found that, for a five-month period (December 1953 -
April 1954 inclusive), of 58 forms observed, 19 exhibited a definite
easterly motion and 14 a definite westerly motion. The 14 cases of
westerly motion all took place before 0200 local time, The remain-
ing cases were scattered throughout the night. The estimated speeds
of motion were about 200-500 meters per second,

On the basis of auroral movies %taken at Ithaca, New York,
since 1939 by Gartlein [Bless, Gartlein, and Kimball, 1955], it was
found that, of 120 displays, 57 showed definite moiion t¢ the east
or west. Of these 57 auroras, 45 showed a wgstward drift of rays,
patches, and draperies and/or westward movement of bright patches
and rays on arcs. Twenty-two displays showed similar motion to the
east, In 8 displays a reversal of large-~scale motion occurred between

2200 and 0200, Thirty-nine displays showed complex motioms, mostly

20w



short periods of alternating east-west motion. The steady motions,
when seen, were westward early in the night and eastward late in the
night, but either or both ways in the middle of the night. Random
motions occurred at any hour, and nearly alweys after arcs broke into
rays. The authors concluded that the motions are not sharply con-
trolled by local time.

In reply to the authors Jjust cited, Meinel E1955] argued
that the reversal from east-to-west drift to west-to-east drift
during the night is not an exact relationship but a systematic one.
He pointed out the similarity to the "reversal of ionospheric cur-
rents near midnight and noon during magnetic storms." These do not
exhibit an abrupt reversal, and the local time of reversal varies
from storm to storm; but the phenomenon as a whole does show a sys-
tematic reversal during the night.

A recent series of measurements of the directions of the
motions of ¥180~degree bends" was made at College, Alaska [GeoPhysi-
cal Institute, 1955, pp. 3h—37], using sequence photographs taken
with an all-sky camera. The 180-degree bend is formed when an arc,
either homogeneous or rayed, is bent through an angle of 180 degrees,
forming two parallel arcs. Between January 1954 and April 1955, 105
of the 180-degree bends were found, Bends with open ends toward the
west maximized at 2330 local time, while bends with open ends toward
the east maximized at 0300 hours. Thirty of the bends were observed
to move, 20 with westward drifts and 10 with eastward drifts. No
systematic division of the wagtward and ea#tward drifte into evening
and morning hours was found. The westward motions, however, were

clustered around 2330.
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Other descriptions of motions of auroras seem to be limited
to specific instances rather tham systematic variations, and of thess
only a few are baged on actual measurements., Stérmer [[19559 Pp. 119-~
1227 deseribed the motion of two cloudlike auroras.* One, on January 3,
1940, was observed from 1700 to 1940 local time, The drift velocity
of a portion of the cloud was measursd to be from 690 to 780 m/s in a
westward direction. In enother instance on March 25, 1933, between
0334 and 0408 the aurora moved in an easterly direction with a speed
of the order of 200 m/s.

in early measurement using parallactic phoiegraphs [Krogﬁess
and Tnsberg, 1936] sbudied the movement of Yauroral clouds™ seen at
Haldde Observatory. The height of the forms was determined ¢ be bs-
tween 106-110 km, Measurements were made on the might of March 8-9,
1915, from 2333 to 0105 local mean %ime. Ths speeds measured for
different parts of the form varied bpetween about 100 and 40O m/s,

Phe direction of the drifts was mainly to the nertheast. In geomag-
netic coordinates the directlion would have been gquite close %o geo-
nagnetic east.

Otheyr motiong of visual aurora, observed st College, refer only
to the dirsctions of the motion, Puller and Bramhall [ 1937] concluded
that "the mowement of rays generally, but not always, was sasterly rather
than westerly.® prpmer§[195hi]mmd@ extensive visual observations which

he correlated with magnetic records. He reported that the movements

* Harang [19519 Po h9] peinted out that these "auroral clouds® are
really faint diffuse or pulsating surfaces in which the Yluminous
particles often have a resemblance to clouds.”™ In one case, he said,
the auroral clouds were short draperiss.
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of discrete rayed forms during -4H disturbances, which generally
occurred after midnight, were almost without exception from west to
east. The movements during +AH disturbances (generally earlier in
the evening) were uncertain because of ingufficient data.

It is clear that the character of the motion of auroral
forms hasg not bheen definitely established as yet. Most of the
obgervations seem to fit into the general pattern of a westward drift
in the early evening hours and an eastward drift in the early morn-
ing hours, but it is apparent that no rule for individual cases--if
one exists~-can be stated on the basis of evidence presently avail-
able.

Additional information of somewhat similar nature is avail-
able from the apparent motion of the forbidden oxygen radiation 5577
in the nightglow [?aach, Williams, and Pettit, 1952] observed at both
Cactus Peak, California, and the Baute Provence Observatory on January
6-7, 1951, and November 19-20, 1952. The details of the motions were
different on the two nights, but had ths.common features that before
local midnight the apparent motion was east to west: at approximately
midnight the motion stopped; after midnight there was a small com-
ponent of motion from west to east and a large component southward,

The maximum apparent speed was around 250 m/s.
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Chapter III. High Latitude Electron Motions Inferred

from Magnetic Storms

This chapier is concerned with the relationship between
the auroras and the disturbances in the earth's magnetic field,
caused by intense electrical currents in the ionosphere. The cur-
rent systems that have been deduced by many workers from studies
of the magnetic variations are described, Changes in the ioniza-
tion of the lower iomosphere that accompany the magnetic storms
are also congidered. Finally, we compute the expected drift veloc-
ity of the electrons in the auroral ionization from estimates of
the ionization demsiiy and the current density., The velocity com-
puted agrees well with the velocities described in the previous
chapter and with those found in our experiment.

The statistical agreement between the degree of magnetic
digturbance and the intensity of auroral activity has long been
known. More regently, daﬁailed comparisong of magnetic and auroral
variations have been made, and even more striking relationghips have
been found, Meek [19539 19547 eoncluded that the maximum elevation
of aurora above the northern horizon at Saskatoon was related closely
to the magnetic variations. The absence of aurora always ind?cated
the absence of magnetic disturbance (defined as a variation of greéter
than 2007 in the H component). The presence of aurora %o the south
of the genith indicated large magnetie disturbances 95 per cent of
the time, The aurora became brighter at the times of sharp deviation
in the magnetic field,

Heppner | 1954 | showed that for auroral arce the disturbing
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current was located approximately in the same space as the auroral
light. The most striking feature in demonstrating this spatial coin-
cidence was the change in sign of the vertical (AZ) component when
an auroral arc at the southern edge of the aurora moved south across
the zenith,.

Heppner also found that the magnetic disturbances and si-
multaneous auroral activity could be represented by two patterns in
which the changes in the horigzontal (AH) component are correlated
with changes in the auroral forms. In both patterns, the disturb-
ances consist essentially of a positive bay~~an increase in the hori-
zontal component of the magnetic field lasting for several hourg—-
followed by a negative bay--a similar decrease in H--with a short
interval of +AH following the negative bay.

In the first pattern the transition from positive to nega-
tive bay occurs between 2300 and 0200 local time and is coincident
with a transition of the aurora from gquiet arcs and glow to rayed
auroral forms that fluctuate greatly in intensity, shape, and loca;
tion. The later +AH period, which may last for about half an hour,
occurs at the same time that puisating forms are observed. The second
pattern occurs less frequently and differs in the mamner in which
the positive bay ends and the negative bay begins. The positive
bay starts as in the first pattern but ends when the aurcora recedes
northward and disappears. The negative bay begins with the reappear-
ance of auroral arcs, and AH continues to be negative when the arcs
break into active rayed forms.

Both Meek and Heppner agreed that magnetic records on dis-

turbed nights can be thought of as the resultant of a number of over-
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lapping bays. On nights when the disturbance appeared to be exceed-
ingly complex, Heppner was able to single out individual bays by
recognizing the sequence of auroral forms. "The complexity is the
consequence of the bays overlapping and the aurora simultaneously
starting a new cycle of activiiy before the previous cycle is com-
pleted,” he reported. Two other results of Heppner's study were as
follows:
(i) The negative bays were usually of greater
magnitude than the positive bays; and
(ii) The late evening discontinuity between the
eastward and westward currents responsible for the posi-
tive and negative bays respectively took place first in
the north and progressed southward, The transition in
the auroral forms also started in the north and proceeded
southward with the current discontinuity.

Heppner's observations provide a possible explanation for
the simultaneous changes in the Dopplser shift and the auroral form
reported by Bowles (see Chapter I). If Bowles were receiving echoes
only from east of north at the times in question, the shift in sign
that he observed would then be consistent with the shift in the cur-
rent directions observed by Heppner.

The close association of auroras with polar magnetic storms
makes it desirable to examine the magnetic disturbances in more detail.
Polar magnetic disturbances in general show very complicated varia-
tions of the geomagnetic field, Because of thig complexity in the
individual disturbances, many of the main studies of the worldwide

morphology of the storms have been statistical. Such analyses have
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shown that the average disturbance field can be separated into two
parts, one of which depends upon local time and the other of which
depends upon the time measured from the worldwide commencement of
the storm. In auroral regions the latter component is small com-
pared to the one which depends upon local time [Chapman and Bartels,
1940, ch. IX}. Since for our purposes, however, we are chiefly
interested in the character of individual storms, we shall not elab-
orate upon the statistical results.

A rather complete summary of the character of individual
stormg was presented by Fukushima [1953]. In his analysis Fukushima
showed that the geomagnetic wvariations are composed of a number of
elementary disturbances that take place intermittently or concurrently
and last from several minutes to a few hours. These elementary dis-
turbances can be linked with current systems which are similar %o
those responsible for magnetic bays. The similarity of Fukushima's
conclusion, based on analyses of magnetograms taken by a worldwide
chain of stations, to the statements of Meek and Heppner gquoted above
is obvious,

The average current system of a number of polar magnetic
storms can be seen in Figure 2. The current system of Figure 2 has
a number of characteristics that will prove important for later com-
parison with the records obtained in our experiment. For latitudes
between 65 and 70 degrees, the current is eastward until about 2100
local time, becoming westiward after 2200. For stations at these
latitudes, therefore, a positive bay would be expected before 2100,
a2 negative bay after 2200. Since the westward currents are more

intense than the eastward ones, the negative bay would be the stronger
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one.

Silebee and Veatino_El9h2} also noted in their fundamental
study of the current systems of geomagnetic bays that the westward
currents flowing along the auroral rone were much more intense than
the eastward currents. In their average current system the ratio .
of intensities was considerably greater than that shown in Figure 2.
The same is true for the elementary disturbances described dy
Fukushima.

The intense auroral zone current of individual elementary
disturbances of polar magnetic storms generally is more localized
than the average storm of Figure 2. The average storm is made up
of a number of localized storms that take place around the auroral
gone with their maximum number occurring around local midnight.
Fukushima showed that the elementary disturbances can be repregented
by the current systems of electric doublets situated on the auroral
rone., He gave additional quantitative arguments indicating that
this doublet counld be produced by a local increase in the ionirzation
density, and therefore in the conductivity. The wind system, acting
upon this region of inereased conductivity, would produce an increased
electric field by dynamo action, The observed total auroral zone

5

current of between 5 x 105 and 8 x 10° amps could be produced by
increases in conductivity of 10 to 100 over regions whose extent is
of the order of 200 km in latitude and 600 to 1,000 km along the
auroral zone. Such a zone of increased conductivity is not fixed,
even for single storms. Nagata [1950]L for example, computed the

southward progression of the auroral zone currents as a magnetic

storm became more intense.
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The increases in ionization associated with magnetic dis-
turbances have algoc heen proved by measurements of increaged abgorp~-
tion of radio waves and by observation of Es echoes on ionospherie
sounders, Wells [1947 ] found $hat at College high absorption of radio
waves was coincident with each of 69 significant magnetic bays exam-
ined for the period January to September, 1942. The radio absorption
was limited to the duration of the magmetic bay. More recent ab-
sorption measurements using exiraterrsstrial radiation at 30 M@/s
will be considered in Chapier V. From measurements using such tech-
nigues, it has lately been suggested that the zone of anomalous ab-
sorption coincides in latitudinal extent with the zone of maximum
auroral occurrence | Leinbach and Little, 1957 .

The increase of Es ionization at College was examined by
Heppner, Byrne, and Belon [1952], who econcluded that in the presence
of nonpulsating formse the Es echoes varied im heigh% and intensity
in a manner gimilar to the ghanges in luminosity. From no aurora,
to homogeneous arcs, %o rayed bands, the maximum frequency of Es
reflections changes approximately from 3, te 6, to 9 Me/s. Absorp-
tion was shown t6 be closely related to the forms with the minimum
height of mean luminosity, namely, the pulsating forms.

On the basis of the close association of the visual, mag-
netic, and radio observations, the conclusion seems inescapable that
the visual luminosity takes place in a region of increased ionizaé
tion and increased currents. The intensity of the currents is directly
related to the intemsity of the aurora, IEven thé echanges in the
auroral forms correspond to changes in the current directions. The

magnitude of the enrrent density J (neglecting the motion of ions)
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is given by

JasNevw |, (3.1)
where N is the electron density, v is the speed of the electrons,
and e is the eléctron charge.

In Chapter I we demonstrated that the current intensity
increases as approximately the square of the electron drift speeds.*
The increased current density during auroras is therefore caused
by increases in v as well as N, On the basis of arguments which
will be presented in Chapter V, a probable value for N is about
3 x 105 per cm3, corresponding to a plasma wavelength of about 60 m,
The current density J can be estimated from the current systems
derived from magnetic observations and an assumed height range.

The measured auroral zone current intensities are of the order of
5x 105 amps in a five-degree range of latitude, or about 105 amps
per 100 km, From the condmetivity arguments of Baker and Martyn
[1953] previously cited, we assume a height range of 30 km. From
these assumptions we conclude

v = 700 nfs . (3.2)

The direction of the electron velocities is, of course,
in the direction opposite to that of the ecurrents, i. e., the elec-
trons drift to the west in the evening and to the east in the morn-
ing. The value computed in Equation (3.2) is obviously not constant

and depends upon the intensity of the current and on the ionization

% Heppner [195#] stated, "From photometric measurements at College,
Alaska, the writer thinks the relationship
Brightness o< N2
roughly expresees this (Es electron density to 1ight intensity,
B. X.) correspondence."
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density. It agrees well, however, with the speeds found in radie
measurements during magnetic disturbances as described in Chapter I.

In Chapter VI it will be shown that it also agrees well with the

speeds measured in our experiment,
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Chapter IV, Outline of Our Experiment and Sample Data

The basic technique used in this experiment was the neas-
urement of the frequency spectrum of radio waves received at College,
Alaska (geographic co-ordinates 1&7;80 Y, 6&.9o N; geomagnetic co-
ordinates)256.5° B, 64.7° §), from a single frequency (OW) transmit-
ter, A direct groundwave signal at the transmitted frequency was
always received. Since echoes from auroral ionization are spread
in frequency and generally sﬁcw a mean shift with respect to the
transmitted frequency, these frequency shifts may be used to measure
the motions of the echoing sources, By observing simultaneously in
two directions, the approximate speeds and directions of motions
may be deduced. The magnitude of the echo power may also be neas-
ured.

The following discussion of the experimental procedure in-
cludes descriptions of the transmitter, the antennas, the receivers,
the recorder, and the method of analysis., Samples of the data Obw
tained are presented, and the interpretation of the records is dis-
cussed. A brief description of a specisl auxiliary experiment using

interferometric techniques is also ingluded.

1., The Equipment

Previous radar experiments at College (described in the
next chapter) have ghown that VHF auroral echoes are received from
a broad sector centered about 700 kilometers geomagnetically nerth
of College. Almost all the echoes arrive from azimuths less than

45 degrees from the geomagnetic meridian and at angles of elevation
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less than 12 degrees. Since in our case CW transmission was being
used, it was necessary to separate the transmitter and receiver and
to orient the transmitting antenna to send only a very weak signal
toward the receiver. The above requirements led to the choice of
locations shown on the map in Figure 3. A simple folded half-wave
horigzontal dipole was used as the transmitting antenna %o provide
almost uniform illuminations over the desired azimuth angles and
1ittle radiation toward College. The transmitter site and the trans-
mitting antennas are shown in Figure 4,

The transmitter, a Wilcox 99C (seen in Figure 5), permitted
simultaneous CW erystal controlled operation at the two frequencies
used, 106.0 Mc/s and 41.15 Mc/s. Delay in securing a licence from
the Federal Communications Commission restricted operation at 41.15
Mc/s to the period starting March 19, 1957. The transmitter was un-
attended and, except for a few breakdowns and regular half-hourly
code identifications, transmitted continuously. As manufactured,
the 990 is designed for the frequency ranges 2-20 Mc/s (RF head) and
108-132 Mc/s (VHF head), No difficulty was encountered in tuning
the VHF head to 106 Mc/s. The RF head had to be modified for opera-
tion at 41.15 Mc/s, the major change being a conversion of the final
power amplifier to frequency-~doubler operation and 52-ohm coaxial
output.

The impedances of the transmitting dipoles and associated
half-wave baluns were carefully adjusted to match the 52-ohm RG 8/U
coaxial cable used as transmission lines, The power outputs of the
transmitter were measured with an M, G, Jones 251N1 RF Power and

VSWR Meter, A% 106 Mc/s the power into the transmission line was
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300 watts; the reflected power was 1.5 watts. The corresponding
figures at 41.15 Mc/s were 92 watts and 1.0 watts., The transmission
line attenuations at 106 Mc/s aI;d 41.15 Mc/s were estimated to be
0.7 and 1.0 decibel respectively, resulting in antenna input powers
of 255 and 72 watts., Although the transmitter was unattended, the
power outputs appeared to remain almost congtant for periods of sev-
eral weekg., The above figures can be regarded as accurate %o within
10 per cent.

The arrangement of the receiving antennas was based on
the fact that the fregquency shift is determined only by the radial
component of the motion of the echoing source. Ideally the true
velocity should be found by restricting the observations t¢ a small
area ¢f the sky. The impractability of such a technique at meter
vwavelengths and the initial uncertainty as to the character of the
motions led to the use of a simpler, but cruder, method., Assuming
that the mean motions in the aureora are roughly the same throughout
its volume, an examination of the freguency shifts of echoes arrive
ing from east and west ©of geomagnetic north will discriminate among
various directions of motion. Components of the motion symmetrical
with respect to the meridian, i, 6., motions along the geomagnetie
lines of foree or in the north-south direction, will have identical
radial components, ZEast-west components, on the ether hand, will
have radial components which are opposite in sign. It was decided
to look first for this possible agsymmetry,

The examination of the frequenscy shifts of echoes from
different azimuths could presumably be performed with a rotating

sntenna, This method was used for a short time at 106 Mc/s. How-
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ever, the rapidly changing character of auroras and the desire for
simultaneous observations in different directions led to the nse of
fixed antennas with main beams directed east and weat of north re-
spectively. At 106 Mc/s the fixed and the rotating antennas were
7-element Yagis with folded dipole driven elements and a half-wave
balun to the RG 8/U coaxial transmission line. At 41.15 Mc/s a
similar system of fixed antennas was used, except that the Yagis had
only four elements., The azimuth polar diagrams were measured using
the direct signal from the transmitter and are shown in Figures 6
and 7.

The elevation polar diagrams of the antennas at low angles
of elevation were determined chiefly by the interference pattern
produced by ground reflection since the free-space vertical beam-
widths were greater than 60 degrees. For horizontal polarization
at the frequencies used, the ground reflection coefficient can be
taken ag -1. Thus the power gain at an elevation angle 6 for an

antenna at height h above ground is
4 sin” (2{12; sin o) . (4.1)

At 106 Mc/s the transmitting and receiving antennas were
located at 1.5 and 2 wavelengths above ground respsctively. At 41.15
Mc/s the transmitting and receiving antennas were 2 and 1.5 wavelengths
above ground respectively. The pre&uéiﬁ‘of’the power gainsg of the
transmitting and receiving antennas were therefore ths same for each

frequency and are given by

16 [sinz (3w sin e)] [sin2 (b sin o)]. (4.2)
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Equation (4.2) is plotted in Figure 8. The receiving site
and the receiving antennas can be seen in Figure 9. The physical
arrangement of the receiving, recording, and analyzing equipment can
be seen in Figure 10. A block diagram of the system is shown in
Figure 11. The pre-amplifiers used two stages of RF amplification
with cascode input circuits and had measured input impedances, as
installed, of 52 ¢+ 1 ohm at phass angles of 0 + 3 degrees. The noise
figures were measured to be 7 db for the 106 Mc/s pre-amplifiers
and less than 3 db for the 41 Mc/s pre-amplifiers. The local oscilla~
tors were crystal controlled,

The Collins 51J-4 receivers were found to be particularly

sultable for this experiment. The 3 kc/s mechanical filters in their
IF stages resulted in an extremely uniform response over the desired
frequency range. Their frequency stability was better than that of
the trangmitter, permitting operation over long periods of time with-
out retuning. The beat frequency oscillators were adjusted to operate
on the high frequency side of the 3 kc/s passband, with the direct
signal producing a tone of about 1,200 cps. The sketch on page 45
illustrates the amplitude frequency dlagram for an assumed echo.
The audiec frequency spectrum ls clearly the mirror imege of the RF
spectrum., The beat frequency oscillators might equally well--or
perhaps better--have been adjusted to operate on the low frequency
side of the passband. The sketch presented on page 45, however,
shows the actual situastion as checked on both receivers using the
Measurements Corporation Model 80 signal generator,

Phe audio frequency outputs of the Collins receivers were

recorded simultaneously on the two outside channels (thus avoiding
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Figure 9. Receiving Site and Antennas

Figure 10. Receiving, Recording, and Analyzing Equipment
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crogs~talk) of a three-channel, three-speed Ampex tape recorder.
Recording was always done at the lowest speed, 1 7/8 in/s, to allow
for frequency expansion in playback and to provide the longest pos-
sible unattended recording time., At that speed, 6 1/3 hours of record
can be put on a 10 1/2 inch reel of Scotch # 190 magnetic tape. The
middle channel was used for simultaneous voice recordings of time
and other information.

Although some of the records were taken with the equipment
unattended, in most cases the writer'was present, It was possidble

to monitor the record visually on the same Panoramic Sonic Analyzer
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which was later used for the amnalyses. ZXach receiver channel was
alternately sampled for ten seconds., By listening to the receiver
outputs on headphones, it was possible to detect occasions when 134
nition or powerline noise was present,

The over-all response of the equipment was checked pori;
odically with the Model 80 signal generatof. The input voltage on
each channel wap measured by adjusting the signal generator output
to produce the same deflection on the Panoramic analyzer as was pro;
duced by the direct signal. The linearity of the response was also
checked,

At 106 Mc/s 1t was always possible to see the direct aig;
nal as a fregquency reference, However, during strong auroral echo
conditions, this reference was sometimes obscursd on 41,15 Hc/s. A
dipole aligned with its maximum gain toward the transmitter was there-
fore installed, and during strong signal occasions the dipole was
substituted driefly for the Yagi antennas, Using the reference di-
pole, the ratio of the direct signal to the auroral signal was al~
ways very large,

On most of the nights when records were taken, a 41 Hc/s
auroral radar was being operated at the Geophysical Institute by R. S.
Leonard. The A-scope video output of the radar was drought to the
field site over telephone lines and presented on an auxiliary oscillo-
scope. During the nights when both the 41,15 Mc/s CW transmitter
and the 41 Mc/s radar were in operation, the radar was turned on and
off at 30--second interwvals,

The method of analyzing the tape recordings is illustrated

in the tlock diagram of Figure 11, ZXach channel was examined separate-
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ly on the Panoramic analyzer. The output of the analyzer was displayed
on an oscilloscope, and pictures of the oscilloscope screen were taken
with a Polaroid Land camera, The sweep of the analyzer was generally
adjusted to bring the direct signal to the middle of the oscilloscope
screen., The frequency scale was calibrated with a General Radio 1304-A
audio oscillator.

The output of the middle channel of the tape recorder was
fed into an audio amplifier and loudspeaker., After photographic
records were taken of one of the outside channels, the tape was re-
wound, and records were taken of the other outside channel at the
identical times as determined from the (voice) time references.

The analyzer sweeps through s 2 kc/s range in one second
and has a resolution of about 50 cps. This resolution could be ef-
fectively increased by doubling or quadrupling the playback tape speed.
The sweep range is of course proportionally reduced, In most cases

the pictures taken were exposed for ten seconds.

2. Sample Data and Interpretation

In this section examples of the records obtained are pre;
gsented in Figures 12-16 inclusive, and their interpretation is dis-
cussed. The methods used in determining the directions and speed of
the motiaon of auroral ionization are described and justified. Records
of auroral echoes of the type shown in this section were used in the
analyses of the strengths of the echoes (see Chapter V) and the veloc-
ities of the drift motions (see Chapter VI),

The response of the analyzer to an audio frequency signal

generator is shown in Figure 12a. The horizontal sweep was adjusted
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80 that the separation between the thin vertical scale lines was 100
cps (500 cps between the heavy vertical scale lines)., The analyzer
bandwidth appeared to be about 50 cps. For evaluation of the subse-
quent records, the width of the line traced by the cathode ray beam
should be noted. In some of the records the noise level barely in-
creases this width.

Successive records of an airplane echo are shown in Figure
12b. In this case the playback speed was twice the speed used in
recording. Since each picture was exposed for ten seconds, each
represents 20 seconds of record, and the frequency scale is expanded
by a factor of two, In addition, the sweep was expanded so that the
separation between the thin vertical scale lines for an audio fre~
quency source was 70 cps. Thug the effective separation between the
thin vertical lines is 35 eps (175 cps between the heavy vertical
lines). For all records shown, the "scale" refers to the effective
frequency separation of the thin vertical scale lines. In Figures
12b-16 the vertical trace in the center of the frequency spectra is
the transmitted frequency.

The frequency shift (Af) of the airplane echo is a Doppler
shift produced by the changing path length from %ransmitter %o receiver
and can be computed in the following manner. For a sinusoidal source
e, = A cos (wt + &), the returned echo from an object at a distance

Rt from the transmitter and Rr from the receiver will have the form

R+ R : ‘
e, = A' cos <wt. - Z‘E"L{;"‘"‘ﬁ + ¢'“> o (143)

Letting ¢ = O when Br + Rt = Ro, and eagsuming that the air-

plane is moving with a constant velocity whose component producing a
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decrease in Rr* Rt is vr, then

mv 2nR
o, = A cos{@w» '“72 t - )\°-=o- di'g . (4.4)

The Doppler shift in frequency Af is thus given by

v
Af =25 (4.5)

If the transmitter and receiver are at the same point, A
is simply the inward radial component of the motion. The effect of
the separation of the transmitter and receiver in our case will be
considered in the next section of this chapter, and the errér made in
considering them both to be at the same point will be shown %o be
very small insofar as it affects our results.

Figure 12b shows that for a single echoing source, the
airplane, Af has a single value, which in this case remains almost
constant for periods of 20 geconds. For an auroral echo, however,
there are many echoing sources, and if these have different values
of Voo 8 spread in values of Af is obtained., For broad beam antennas
the spread of Af does not necessarily imply a spread in values of
the actual spesids or directions of motion., As illustrated in the
sketch on the following page, Ve 2 ¥ gina. Assuming equal echo
power from each echo source, the frequency spread will be determined
by the spread in sin a and the polar diagram of the receiving antenna.

Auroral echoes are shown in Figures 12¢-16, The rapidly
changing character of auroral echoes can be seen in Figure 12e, which
shows successive records talken on the 30° E antenna. No echoes were

seen on the 30° W antenna at the time, The echo, after being strong

~49-



ANT, E

3
- 2VSing, +
ANT. W
//F\
}
— ° + 2vsing,

A

FREQUENCY SPECTRA
Effect of Antenna Beams on Frequency Spectra

at 2037, had disappeared by 2041, but then was st;fong again at 2042,
It will be recalled that the frequency spectra recorded ars mirror
images of the tmé spectra, 80 that the frequency shifts in Figure
12¢ are actually positive, indicating inward radial components of
velocity. The radial velocities can be found by inverting Equation
(4.5). Then

v, =h j2bf

1

1.428f mfs for 106 Mc/s (4.6)

3.6540fF m/s for 41.15 Mc/s .

The maximum value of Af at 2037 is about + 800 cps; the
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Figure 12. Sample Frequency Spectira

a) Response of analyzer to audio oseillator.
b) Successive spectra of airplane echo.

¢) Successive spectra of auroral echo showing rapid variations
in intensity.

d) Spectra of simultaneous auroral echoes on east and west antennas.
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maximum value of v_ is therefore 1,140 m/s. The maximum speed must
be greater than 1,140 m/s by a factor depending upon the direction
of motion.

The most striking feature of the records taken is illustrated
in Figures 124 and 13. In those records it is quite clear that, for
the times involved, simultaneous echoes from east and west of geomag-
netic north showed opposite directions of frequency shift. It is
reasonable (o suppose that there is a general drift motion of the
echoing sources toward the east. On the night in question, March 22-23,
1957, this motion continued until 0145,

A closer examination of Pigure 124 reveals that the drift
motion could not have bheen precisely along a line of geomagnetic
latitude since the echoes near gzero frequency shift are not anti-
symmetrical. The following sketch and calculation illustrate how a
general motion over a limited region, making a small angle with re-
spect to the latitude 1line, would give rise to records of this type.

The accuracy with which the frequency spectra can be read and
the obviougly oversimplified assumption that the veloeity is exactly
the same everywhere in the echoing region make any precise measure-
ments of v and & impossible. Im addition, an accurate caleulation
would have to consider the separation of the transmitter and receiver,
as explained in the next seection, Neverthelegs, the values of v
and & can be estimated in the following way.

For the skeich shown on the following page, the effect of
the antenna beams will maximize the amplitude of the frequency shift
components received on the 300 E antenna and the 30° VW antenna at

azimuth angles of 30° E and 50 W respectively., (The value of 5° was
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chosen to fit the shapes of the freguency spectra.) The radial com-
ponents of the velocity at 300 E and 3° W, found by using Equation (4.6)
are therefore about -450 m/s and +225 m/s respectively. Thus

v sin (0 + 5% = 220

. (407)

v sin (30 -0) = 550 ,

Solving Bquation (4.7) simultaneously gives values of about
1,120 m/s and 6.5° for v and @, As previously siated, no claim is
made for the accuracy of these figures, However, many of the records
taken show characteristiecs similar ¢t0 those of Figure 12d, and it is

well known that visual auroral arcs are tilted with respect to lines

of magnetic latitude by angles of the order of 10 degrees [Harang,,
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Figure 13, Simultaneous Frequency Spectra on 300 E and BOO w
antennas, The transmitted frequency is at the center of
each spectrum.



195i}.* Furthermore it would be impossible to explain the measured

frequency spectra by assuming even a small vertical component of

motion or a component along the magnetiec lines of force. If present,

such components would produce equal frequency shifts on both channels

since the elevation polar diagrams of both antennas are identical.
Another frequently observed phenomenon can be seen in
Figure 13. At 0043 an ec#o was being rgeeivaﬁ only from the east.
By 00444 it had shifted to the west. Similarly, between 0046% and
0048 the echo disappeared in the sast and remained in the west. A
deceptive feature of somep of the records can be seen at 0045% in
Figure 13, where the frequency shifts appear to be in the same di-
rection. The small component of positive frequency shift seen on
the 30° B channel is undoubtedly caused by the finite gain of this
antenna toward the wests It should be noted that the gains on the

two channels are not the same since the received amplitudes of the

direct signal on the two channels were almost equal, A more strik-

ing example of this sffect will be discussed later in reference to

Figure 16,

Examples of somewhat unusual records are given in Figure

1. PFigure lia shows the strongest echoes recorded at 106 Mc/s.

The analyzer gain was reduced in taking the successive records shown,

This was the only case observed in which the linear range of the
system was exceeded, producing the small barmonie content seen on
the right-hand side of the records at 2053 and 2054.

Figure 14b illustrates some particularly strong echoes

* Similar radar auroral observations will be described in Chapter V,
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Arrows indicate transmitted frequency.
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2155
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¢c) Ant.30°E 41| Mc/s d) Ant. 30° W

Figure 14. Some Examples of Frequency Spectra

a) Successive spectra of strong echo., b) Successive spectra
of strong echo. Transmitted fregquemcy obscured by echo. ¢) Suc-
cessive spectra showing wide spread. d) Spectra of gimultaneous

echoes at 41 Mc/s and 106 Mc/s showing shifts proportiomal to trans-
mitted freguency.
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received at 41.15 Mc/s. These echoes completely obscure the dirsct
signal component. In Figure lic are shown examples of some widely
spread frequsncy spectra obgerved at 41.15 Mc/s. The highest fre-
quency shift shown corresponds to a radial component of velecity

of 2 km/g. No echoes were received on the 30° ¥ antenna at the time.

In Figure lhd an example of records taken simultaneously
at 41.15 Mc/s and 106 Mc/s is shown. %he Doppler shift interpreta-
tion requires that the frequency shift of echoes from the same
moving source be proportional to the trangmitter frequency. Thus
the ratio of the frequeney shifts should be 2,58, Te the accuracy
with which the frequency shifts can be read, the measured ratioc
is equal to that value,

Drift motions weres observed which were directed both to
the east and t0 the west, In several cases a reversal of the motion
wag detected, An example of such a rewersal is shown in Figure 15.
Befors 2146 the motion was observed to be toward the west. A%
about 2146 the reversal began; it was completed by 2210. The direc-
tion of motion remained to the east until midnight, after which
the echoes were 100 weak for measurable records to be taken,

As previously stated, the fact that the antenna beams
overlapped caused some gonfusion in interpretation at times when
the echo was really being received from azimuths on one side of
nurtho An example of a record of ¢his type can be seen in Figure
16 a% 2325, A% first glance it appears that the frequency shifis
are in the same direction fer echoes received from east and west
of north, indicating that the major component of motion is not

east-waest. A closer examination reveals that the echo on the 30°>E




ant, SU°W—

a) Mar. 19 2146 ) Mar. 19 2225

ey

£230 d) Mar 9 2332

41 Mc/s Scale : 50 cps
Figure 15. Frequency Spectra Showing Reversal of

¢) Mar. 19

Drift Motion

(Spectra of simultaneous echoes on east and west antennas at
times indicated. Transmitted frequency is thin vertical trace near
center of each spectrum.)
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Figure 16. Effect of Antenna Beams on Frequency Spectra

The spectra of simultaneous echoes on rotating and fixed an-
tennas at times indicated. The transmitted frequency is at the
center of each spectrum,



antenna is much stronger than that on the 30° W antenna (remembering
that the direct signal components have approximately the same re-
ceived amplitude). In most of the records no other information would
be available., However, as previously mentioned, a rotating antenna
of identical congtruction and height to that of the fixed antennas
was available at 106 Mc/so Cn the eccasion jllustrated in Figure 16,
records were being taken on one of the channels with the rotating
antenna, A%t 2323 ¢this antenna was pointed toward magnetic north.

The gain of the rotating antenna would therefore be equal %o that

of the 30° E antenna at the azimuth angle of about 15o E. 7Ths ampli-
tude of the direct signal received on the rotating antenna, however,
was about half that on the 30° E antenna. At 232k the robating an—
tenna was pointed at an azimuth of 30° W. The increase in the ampli-
tude of the direct signal component and the decrease in the echeo
amplitude can be clearly seen., Simultaneously on the 30o B antenna
the echo amplitude actually increased. The interpretation of the
record at 2325 ig then obvious., The echo was arriving only from east
of north, and the frequemcy shifi shown on the 300 W antenna is

caused by its finite gain at azimuths east of north,

3., EBffect of Finite Transmitteréﬁe@eiver Spacing

The Doppler shift produced by an echoing source when the
trensmitter and receiver are separated by a distance 2d will dbe
calculated uging the skafch following.

The ranges to the echoing source at position S are given

by
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Effect of Transmitter-Receiver Separation

2 2

2’2

228%+ a°+ 2RD sin o .

+ dz - 2 Rd. sin ©
(4.8)

2

When the echoing source moves a distance 85 at an angle ¢

with respect to the normal from point 0, the range from point 0 in-

creases by AR where

BAG = 48 cos ¢ (4.9)
AR = A0S gind .

Phe increase in range froem transmitter %o receiver is

given by the sum of AB'.I. and Anz where
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R ®
s § ,El
AR, =§3™ AR + 5080

(4.10)
oR OR

— ;_2
Anzsén AR+ ° AG

Performing the indicated operations and letting x = 4/R,

] - .;.Vi Af - o 0 £

(1+ 2% - 2x a1 a)

Bil ¢ x ein @81 + AS(cos

' (yo11)

Q+§+ksh@f
For our conditions x {{ 1. (For a range of 600 lm, x = 0.033.)

For small x, adding Bl and RZ and simplifying gives

AR, + AR, = 24R [1 - 32-2- (1 + mg_ém_zg)] (4.12)

The separated transmitter and receiver, compared with a
hypothetical transmitter and receiver both located at point O, intro-

duce a fractional error in the change of range (and frequency shift)

of 2
i (1 + Q%M) . (4.13)

For east-west motion, with which we are concerned, ¢ré 6.

and the fractional error becomes
2 ain® o
X ( - 2 ) ° (holh‘)

The fractional error is alvays less than x° and therefore
negligible. However, thiag statement refera to a comparison with a
transmitter and receiver at point 0, for whieh there would be no
shift produced by east-west motion of a source loeated north of point

0. Such a source, at a range of 600 km, would be at an azimuth angle
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of 2° B measured from the receiver. The major effect of the trans—
mitter-receiver separation, therefore, would be %0 introduce an ea.p-;=
parent, small north-south component into the measurements of motion
that was truly east-west. As shown in the preceding section, this

effect would net be sufficient to explain the north~south components

that were observed,

k. An Interferometer Experiment

In gection 2 we pointed out that the broad antenna beanms
used had a pronounced effect on the frequency spectra messured, To
see if this effect could be decreased without constructing extremely
large antennas, an interferometer experiment was attempted. The re-
sults obtained, while not definitive, serve to illustrate some as-
pects of the nature of the motions,
| If two identical fixed antennas, each of which is pointed
toward geomagnetic north, are separated by a distance 9; along a
goomagnetic east-~west 1ine and the received signals are brought to-
gether over transmission lines of equal length and added, it is

well known that the azimuth power polar diagram of the system is

A, (¥) |1 + cos 2‘1&)"&&%]

(1.15)
vhere A, (V) 1is the polar diagram of the individusl antennas and ¢

is the azimuth angle measured from geomagnetic north., This interfero-
meter arrangement has maxima of gain (neglecting Ao) at sinxp##

g& (n even) and nulls at siny = g‘i (n odd).

The two receiving antennas previously used for 3o° E and

30° ¥ on 41.15 Mc/s served again for an interferometer arrangement
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of the above type, with a separation { equal to 4A. The physical
setup is shown in Figure 17. The antemna impedances were carefully
adjusted to be equal to within one ohm in resistance and one degree
in phagse angle, and equal-length transmission lines were mnsed., The
azimuth polar diagram would be expected to have maxima at = 0°,
& 14.5°,'£ 30°, and % h8,6@. The last maximum would of course be
suppresged by the rapid decrease in Ao at azimuth angles greater
than 30 degrees. Nulls would be expected at V¥ =t7;52°, & 22°, and
t 38.7°.

For a region in which all the echoing sources have the

same eagt-west motion v, we have previously shown that

ot = &L giny . (14.16)

The power frequency spectra, assuming that each echoing

gource returns equal power, would be

3, 0 (14 cos WIRAD) (.27)
N The frequency spectra should therefore exhibit maxima at

Af;o,:-;g, and %
+ ¥
1 N
to maxima at 0, % 80 cps, and & 160 cps, with nulls at % 40, & 120,

X , .. X . 3%
X 88 well ag nulls at Af =tm, LTy and

Tor v = 160A (about 1,160 m/s), these figures would correspond

and & 200 ops.

The above calculations were made on the agssumption that
all the echoing sources have identical velocities, are distriduted
uniformly over the echoing region, and return equasl powers, A varia-
tion of two to one in the velocities would completely suppress the

nulls and geros.

Bly




Figure 17. Interferometer Antennas
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Sample records taken with our interferometer are shown in
Figures 18 and 19. They indicate that the variation in welocities
is too great teo produce the simple frequency spectra calculated above,
but the wariation cannot be so great as two to one,

Figure 18 presents records taken on the morning of April 19,
1957. Figure 18a contains a record taken at 1023 using the reference
dipole %o show the transmitted frequency. The record at 1025 was of
two sweeps of the analyzer. Since the playbaek speed was 7% in/s,
each sweep consumes four seconds of record time, and the frequency
scale is 25 cps (125 cps between the heavy vertical scale lines).
The transition of the sgpectra, which tekes place in four seconds of
time, can be seen by comparing the two sweeps. Figure 181 illustrates
the effects of these transitions added t{ogether over 40 seconds on
records taken at 1034 and 1036, Figures 18c and 184 show the changes
that took place in the speetra within abon$ two minutes. In Figure
18¢c each sweep again represents four seconds of time, In Figure 184
each of the sweeps %takes twe seconds, and the frequency scale is comm
pressed.

The records presented in Figure 18 are obwviously complex.
The records for 1029, 1030 1/2, and 1030 3/& show that there is some
consistency in the gpectra, as well as some tendency for the expected
nulls and maxima to appear, There was reason to think that a con-
parison of records of this type with records taken from a single an-
tenna would show whether the maxima and minima were real effects.
Accordingly, a coaxial switch was installed so that at periodie inter-
vals records cculd be taken with only one of the antennas, In addi-

tion, another coaxial switch made it possible from time to time teo
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1025
Int.

1025
Ref.
Dipole

a) Exposure 2 seconds * b) Exposure 20 seconds

Scale : 25 cps

d) Exposure 2 seconds
4| Mc/s

¢) Exposure 2 seconds
April 19

Figure 18, Sample Frequency Spectra of Echoes Received
on Interferometer., Lower spectrum of (a) shows
signal received on reference dipole.
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Scale : 25 cps Scale : 25 cps

a) 2339 Exposure 2 sec b) 2338 Exposure 2 sec

Scale : 25 cps

| Ant.

ghd W

c) 2338:‘2 Exposure 2 sec d) 2158
April 23 4| Mc/s

Figure 19, Sample Frequency Spectra from Interferometer
and Single Antenns

a) Successive spectra on single antenna and interferometer.
b) Successive spectra on interferometer. ¢) Successive spectra on
interferometer with added half wavelengih in one transmission line.

d) Spectra of signals in absence of auroral echo with same amplitude
secale as in a, b, and c.
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add an extra half-wavelength into the transmisgion line from one of
the antennas. The addition of this transmission line served to re-
verse the positions of the maxima and minima in the interfercmeter
polar diagram.

Records taken in this manner are shown in Figure 19, For
these records the playback speed was 3 3/4 in/s, so that each sweep
congsumed only two seconds of record time. The 25-cps scale was
achieved by spreading out the sweep width on the oscilloscope, Fig-
ure 19a shows that the sharp maxima seen on many of the interfere-
meter records are g real effect. Typically, the frequency specira
observed on the single antenna were broader and more uniform than
those seen using the interferometer. Samples of successive records
using the normal interferometer and the interferometer in which an
extra half-wavelength was added t0 one of the transmission lines—
labelled + A/2 in the photograph—are shown in Figures 19b and 19¢.
The amplitude of the direct signal component seen on the various
antenna arrangements is shown in Figure 19d to ¢the same arplitude
scale,

The interferemetef meagurements indicate that, while the
velocities of the echping sources over the whole region observed were
neither identical nor steady, the range of velocities was probably

not more than 1.5 %0 1,
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Chapter V. Auroral Radio Echoes and Our Power Measurements

In this chapter the characteristics of auroral radio echoes
are described, and the probable mechanism by which such echoes are
produced is considered. Those results ef our experiment which relate
to the amplitude of auroral echoes are presented and compared with
theoretical predictiong. The theoretical discussion is based chiefly
on the work of Booker [1956]. It is shown that the explanation of
the strength of our echoes requires the modification of the values
of the parameteré used by Booker,

Since excellent summaries of mest of the literature on
auroral radio echoes are already available [Little, Rayton, and Roof,
19563 Kaiser, 1955], only the brief review necessary for the present
purpose is given here. In addition, some more recent results are
included., Finally, a comparison of our experimental results with

those obtained during the sams period by other experimenters at 398

Mc/s is presented.

ﬁi. General Nature of Auroral Echoes
While the aurora is undoubtedly effective in producing

radio echoes at frequencies below 30 Mc/s, the study of auroral
echoes at these frequesncies is complicated by severe absorption ef-
fects and reflections from the normal ionospheric layers. In a _
recent study by Owren and Stark E1956, P- 8~18] it was shown that,
in addition to the direct schoes, auroral radar eéhoes are obtained
at 12 Mc/s over paths that include at least one reflection from the

12 layer and one reflection from the ground,
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I% is not uncommon for the absorption of natural radia-
tion from celestial sources at 30 Mc/s to reach three decibels in
auroral regions [Chapman and Little, 1956]. The three-db figure
refers to one-way passage through a broad zone centered on the
genith., If the absorbing region is traversed twice at an obligue
angle, the absorption at 30 Mc/s might typically be 12 db. Further-
more, since the nondeviative absorption in decibels is almost
proportional %o the wavelength squared, the corresponding figure
at 10 Mc/s for reasonable values of the collisional frequency would
be of the order of 80 db.

At frequencies above 30 Mc/s the situation is more straight-
forward. While absorption undoubtedly plays some role in the lower
VHF range, its effect decreases rapidly as the frequency is increased.
Thus 12 db of absorption at 30 Me/s would result in 6.4 db absorp-
tion at 41 Mc/s and 1 db at 106 Mc/s.

The maximum frequency at which auroral radar echoes havs
been observed has only recently been extended to about 400 Me/s
[?eterson, Leadabrand, and ﬁyce, 19573 Fricker, Ingalls, Stone,
and Wang, 1957]. The 400 Mc/s experiments used narrow-beam steer-
able antennas which made 1% possible for the first time to determine
directly the height of the reflecting region from measurements of
the range and elevation angle. Peterson et al. reported heights be-
tween 80 and 130 km, with an average height of 105 km. Fricker et
al. found the maximum height to be 165 km. These heights agree well
with the heights at which the maximum luminosity is observed in the
visible aurora.

The connection between the radio echoes and the visible
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aurora was Obscured for some time by the fact that auroral ionization
is effective in producing radar echoes only when the incident radar
beam is nearly perpendicular to the sarth's magnetic field in the
auroral region, Since auroras are mogt frequently observed in high
latitudes, where the earth's magnetic field is nearly vertical, radio
echoes in the northern hemisphere are oblained only from regions
near the northern horizon. Comparisons must therefore be made only
with visible aurora in that region, When the analysis is resiricted
to these regions, fairiy good correlationg between visual and radar
auroras are obtained, although the intensity of the echoes is not
always proportional to the brightness ¢f the visual forms.

The aspect sensitivity of auroral radio eschoes has been
the subject of mush invegbtigation., It is clear that the number
and intensity of echoes decrease as the angle from perpendicularity
with the geomagnetic field inecreases. The perpendicularity re-
quirement becomes less critical as %the frequenecy is decresased., The
contours of off-perpendicular angles at a 100-km height for Collegse,
Alasks®, are plotted in Pigure 20. Bowles [1955] found thas at
College the contours of the expeched provabiiity of obtaining aue-
roral echoes at 106 Mc/s had shapes very similar to the contours
shown in Figure 20, Less than § percent of his echoes were received
from points corresponding %o off-perpendicular angles grsater than
6 degrees. Similarly, Dyce [1955] showed that at 51.7 Mc/s almost
all the echo centers fell within the &-degree contour.

Bullovgh and Kaiser [i95n, 1955} concluded that, as viewed

* Courtesy of R, L. Leadabrand, Stanford Research Iastitute
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from Jodrell Bank, the reflecting jonization during an individual
aurora was closely confined %o an arec along a parallel of magnetic
latitude. Bowles [ 1955] found similar orientations at College, but
vas able to show that the reflecting ionizations were rotated slightly
clockwise during the 6-hour period before lecal midnight and slightly
counterclockwise during the 6~hour period after local midnight. For
ionization distributed along a parall;ihzf‘latituda, the range spread
measured will be a function of the antenna beamwidth in agimuth,
Nevertheless, many workers have found ¢that the echoes can be separated
into two types in terms of the spread in range exhibited., ZEchoes
showing great spread in range are ¢alled diffusei those with narrow
range gpreads are called discrete., Bullough and Kaiser [}955] pointed
out that their diffuse echoes were generally obgerved before 2100
local time, and their echoes showing diacrete structure generally
occurred after 2100 local timae.

The use of the term "discrete” does not imply that auroral
radio echoes have ever been found %0 have the characteristics of an
echo arising from a single source such as an airplane. The received
signals are always complex; they have the characteristics that would
be expected of echoes arising from many randomly positioned, moving

sources.

2. The Booker Auroral Echo Theory

The character and strength of echoes from auroral ionigza-
tion have been eéxplained by Bookeyr [§956] in a theory of scatiering
by nonisotropie irregularities. According to Booker's theory, the

irregularities of electron density are created by atmospheriec turbu-
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lence and made nonigotropic by the action of the earth's magnetie
field, The irregularities mainly responsible for the VHF radar
echoes would have dimensions of the order of 40 meters along the
earth's magnetic field and one meter normal to the field. Thesge
dimensions, particularly the length, would explain the aspect
sensitivity observed. The effect of the aurora wag supposed to
increase the electron dengity in the E region by a factor of
about a hundred, to a walue of about 106 per cm3° Booker cofi-
cluded that for this mean electron density N, and the dimensions
N
stated above, a mean square deviation of electron demsity <N>
of the order of 3 x 10~7 in the scattering region would explain
the strength of the echoes., He suggested however that a permiss
(any’
ible modification of the theory would raise the values of (N>
by about two powérs of ten.

Since the proper interpretation of any experiment in-
volving echoes from auroral ionization necessarily depends upon
the source of the echoes, it seems desirable %o examine the bvasis
of Booker's theory critically. The least controversial part of the
theory relates to the calculation of the scatiered power from a
region containing nonisotropic irregularities, postulating that
the irregularities make no first-order change in the field sitrength
of the incident wave. Considering only the case of backscattering
(the radar case) from an ionized medium, the backscattered power
per unit solid angle, per unit incident power density, per unit

volume reduceg to

4 2
: AN\ ¥
UB=<N) & P(2kf,2km 2kn), (5.1)
N



where

AN is the plasma wavelength corresponding to the mean
electron density N3

k is the propagation constant of the medium in the
absence of irregularities;

P (2, m, n) is the Fourier transform of the spatial
autocorrelation function of %¥”1%(x, ¥, 2)¢

and £, m, n are the direction cosines of the incident
beanm,

To ecalculate the backscattered power, ons must know the
(statistical) way in which %! varies throughout the volume in the
directions x, y, z (i.e., the spatial autocorrelation function of
%? ), the mean ionization in the region, the mean square deviation
of ionization, and the extent of the volume., At this stags o more
controversial point enters. An autocorrelation function must be
chosen., In the interest of simplicity Booker chose a Gaussian

autocorrelation function with axial symmetry about an axis z,

PR, Ty 2) B Oxpl e % z% ¥ L. + =z . 5.2
2 pe T2 12
After taking the Fourier transform of o, Equation (5.1)

becomes for L }) T and smally ,

(5F) erPn? il 2
o= (2n)3/2‘u2 - TZL exp | exp | = ¢2 ’
N
(5.3)

where ¥ is the complement of the angie beiween the direction of
incidence and the axis of symmetry. For application to the iono-

sphere, the axis of symmetry would lie along the earth's magnetic
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field in the element of volume inveolved.,

The total scattered power can be calculated by integrating
Op over the %otal volume, taking into account the variation of ¢
throughout the total volume and the antenna polar diagrams in eleva-
tion and azimuth. The aspect sensitivity would depend only upon the
term involving Y ; for a given location and given antenna beams the
aspect sengitivity ls therefore a funetion only of the ratio of L
to the wavelength. Booker found that assigning a value of 6.8 meters
to L (2nl = 43 m) explained the major features of the experimental
éspect-sensitivity resulis, .

The major drawback of the abeve approach is the assumption
of the Gaussian autocorrelation function. Booker further showed that
the value of L found above was consistent with the scale of the small
eddies at 100 km deduced from a turbulence theory. Turbulence theory,
however, would lead to a quite different autocorrelation function
and therefore 10 a different expreassion for the aspect sensitivity
and scattered power.

The effect of a change in the autocorrelation function would
be most pronounced at large values of JL. For the problems that
Booker considered, the values of‘%f were comparatively small, How-
ever the recent detestion of auroral echoes at 400 Mc/s proves that
the scattered power cannot fall off so rapidily as would be predicted

from the term
gni”
ul 2
exp | - ' .
< A2 )
The scale normal %0 the earth's magnetic field T is even

more uncertain, Booker found that for a wvalue of L of 6.8 meters

at 100 km the effect of the field would cause T to be about 6 cm.
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The effect of the term exp (}§251f> would therefore start to be
A

appreciable only at frequencies above about 500 Mc/s.

3. Parameters Obtained from Our Experiment

Let us proceed t0 compare the scattered power measured in
our experiment with the theoretical predictions just outlined. PFor
L= 6.8mand¥ = 0.07 (aboub four degrees in Figure 20), the values
of the term exp <}§E233|ﬁ%> at 106 Mc/s and 41.15 Mc/s ave 0.11
and 0,7 reapectivelyi Since, as noted above, that term predicts too
rapid a decrease with frequency, it is likely that the true reduction
in the scattered power due to agpect sensitivity for our stronger
echoes (¥ = 4°) would be smeller.

As auroral echoes are spread in frequency and consist of
many components adding in random phase, they have the statistical
characteristics of random noise passed through a band-pass filter.
The total power in an auroral echo can therefore be found by adding
the powers received over the frequency spectrum,

The amplifying, recording, and analyzing systems used in
our experiment were linear in voltage. The relative echo power was
found by squaring the amplitude at eash frequency, plotting the
power frequency spectrum, and measuring the resultant area. To con-
vert thisg area into an absoiubte power meagurement, the known power
of the signal received directly from the transmitter was used. The
ratio of the power echo area to the power direct signal area deter-
mined the absclute echo power. Sinee computations were done only
on the stronger echoes, those with gignal..to-noise ratios greater

than 20 db, the error made by neglecting the noise power was negligi-
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ble.

Using the method outlined above, we have computed the echo
powers for the records shown in Figures 1lua, 14b, and lhe. On March 3,
1957, at 2053 the echo power at 106 Mc/s was about 5 x 10”1 watts.
At 41,15 Mc/s the echo powers at 2249 on March 23 and at 22ik on
March 244 were 1.3 x 10™1h watts and 1 x 10712 watts respectively.
In the latter case the direct signal power was estimated from a
nonauroral record taken the same evening., The transmitted powers
(see Chapter IV) have already been given as 250 watts at 106 Mc/s
and 72 watts at 41.15 Mc/s.

Assuming that the transmitting and receiving antenna power
gains, GT and GR” and the range R are constant over the volume, the

ratio of the echo power received, P,, %0 the power transmitted, P

T!ﬂ
is given by .
2
. MLX_% 5 . o
P, 2 2 B °
T 4mR nR

Volume
In the examples mentioned abeve the echo was being received
only on the 30° E antenna., We can therefore assume that the direction
of arrival was near the maximum of the amtenna polar diagram, If
the sacttered power originates at a 600 km range where the gains of
the antennas are maximum in azimuth and elevation, then for the very

strong echoes a% both frequencies

 0§ d vag3 x 10? w? ° (5.5)

Volume
The volume inveolved was limited by the receiving antennam

beams in azimuth, as well as by agpect sensitivity. It seems reason-
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able to assume the following dimensiong for the\volumez height, 30 km:
width, 300 kn (30° in azimuth); and depth, 200 km (range variation of
500-700 km) and to consider op constant over this volume. The value of
Oy thus obtained is 4 x 10"'8 per meter, Usging Equation (5.3) and

the aspect sensitivity faectors previously estimated,

T ATNE 10~7 (106 Me/s)
1. (AN
N (}x sy (5.6)

N 1.5 x 10°° (41.15 Mc/s) .

The above calculations wers for the strongest echoes re-

ceived. More normal echoes would cerrespond to a value of

L A.!f 10710
H g

)

>

On the other hand, using the previous experimental auroral

radar results available ¢o0 him, Booker deduced

Py
— (%?) e box 1073 (5.8)
as

N

He then assumed a value of AN of 30 m to conclude that
D 2
(3?) wag 3 x 10“?.

The result quoted in Equation (5.7) depended upon our as-
surmptions of volume and range. To reduce the valus, it would be
necessary %0 assume an even larger scatiering volume and/or shorter
range. GChanges in these assumptions, however, would necessarily
involve decreasing the antenna gains and increasing ¥, both of which
would tend t¢ increase the value given in (5.7).

It also seems probable that 30 m is8 %00 low a value for
hye The 30 Mc/s absorption measurements at College, combined with

the information obtained from the C-3 ionospheric sounder at the
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Geophysical Institute, lead to the conclusion that the average elec-
tron density in the auroral region corresponds to a AN of more than

50 m.*

Using XN = 50 m, we are therefore left to conclude that

our normal auroral echoes correspond to a value of

(Qg)zw_, 6 x107% (5.9)

This value, while considerably higher than that deduced
by Booker--letting A, equal 50 m in Bquation (5.8) results in a
e%g : of 2.5 x 10'6--does not seem unreasonably great. Bailey et
al, [1952], for example, used a value of 10‘“ for the same parameter
in explaining the original VHF long distance ionospheric observa~
tions. The concept that the normal auroral echoes arise through
scattering from small irregularities in the ionization density would
still seem to be valid.

The explanation for the great stremgth of our strongest
echoes, corresponding to Hquation (5.6), is less gertain. Even
for (%”) as high as 10°2, )‘N would have to be as small as 18 m to
obtain the result quoted for 106 Mc/s. It is doubtful that values

BN\ -2

of’(ir) a8 high as 10 = could be expected to be produced by normal
turbulence., It is more probable that the turbulence model in auro-
ral regions must be modified to take into account the sharp gradients

in luminosity, and presumably therefore in icnization density, seen

in auroras. Under these conditions it may not be so unlikely that

* This value is due to C. G. Little and is based on the fact that
the limited absorption measured at 30 Mc/s would not prevent the
reception of C~3 echoes at higher frequencies if the critical fre-
quency exceeded 6 Mc/s.
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(A 2
values of Q}F) might be as high as 2 x 10 ~. If so, the strongest
echoes could be explained by a AN of 36 m,

One interesting sidelight of our results is the fact that,
for the strongest echoes, the scattering coefficients computed in
Equation (5.5) are the same at 41.15 Mc/s and 106 Mc/s. Although
the measurements refer to different nights, a possible deduction
based upon their equality is that the value for iy must have been
close to zero on those ocecasions., Such almost exact perpendicular;
ity could have been achieved if the aurora were at a height of 80
km, Another possibility is that at times the local magnetic field
in the auroral region is sufficiently distorted by the disturbance
current system to make perpendicularity possible at the 100-km
height. On the assumption of perpendicularity, the highest value

Ay
of :}: (A‘ig’) deduced from our records wonld be 10 8: such a wvalue

e )
sould be achieved by a AN of 32 m eombined with a 5 of 10 .

4. GComparison with Echo Strengths at 400 Mc/s

A significant factor emerges from the comparison of the
strength of our echoes with those observed at College during March
1957 by Peterson et al. [1957] at 398 Mc/s. They reported that
auroral echoes 27 db above noise were received on a radar with 60
kw peak power, 0.5 millisec pulse, receiver bandwidth of 3 ke/s,
and receiver noise figure of 6 db. The antenna used was a large
paraboloid with 3 degree beamwidth. The volume of scattering re-
gion involved may be found by assuming that the volume was limited
by the beamwidth and pulse length. Assuming that the backscatter-

ing coefficient was constant over the scattering volume--the same
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assumption that was made for our echoes--Equation (5.4) may be re-

written for the 398 Mc/s experiment
2 /P
IHR R
i Tl <':é"> ' (5.10)
G\ p T

where p is the pulse width.

For the same range of 600 km used in deducing the back-
scattering coefficient from our echoes, and for an antenna gain of
5,000

op = 43 x 10-15 per meter . (5.11)

The ratio of the backscattering coefficient at 106 Mc/s
to that at 398 Mc/s is therefore 107.

It is apparent that the Gaussian autocorrelation function
is an incorrect assumption from the fact that on the basis of the
term exp <;&E§gi‘pé) the ratio of the backscattering coefficients
should be 1013.

It is instructive to determine the power law of wavelength

dependence that would fit the measurements at 106 Mc/s and at 398 Mc/s.

o (106) ;\(106) 2

_Em____ o n - 7

. 398) T \,0398)/) *© 3.75" = 10" . (5.12)
B

From Equation (5.12) we deduce that a value of 12 for n
would f£fit the observations, It is interesting that Villars and
Weisskopf { 1954 ], on the basis of a theory of isotropic turbulence
computed a power-law wavelength dependence corresponding to a wvalue
for n of from 4 1/3 to 11, According to the theory, the eleventh-
power law should be applied in cases where the wavelength is small

compared to the smallest eddy size. The 106 Mc/s and the 398 Mc/s
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measurements undoubtedly refer to such a situation insofar as the
comparison of the wavelength o the eddy size along the magnetic
field line is concerned., Furthermore, we have previously shown
that, for the nonisotropic case at fregquencies below 500 Mc/s, it
is the size along the magnetic field line that controls the wave-
length dependence.

It appears that a theory of scattering by nonisotropic
irregularities produced by turbulence is capable of explaining
the smplitude of VHF auroral radio echoee as well as their wave-
length dependence, However, the parameters used in such a theory
would have to be quite different from those inferred by Booker from
the data available to him., The turbulence theory applied to the
aurora would have to take into aecount the sharp gradients of
luminosity--—and presumably of ionization density--observed in
auroral forms. Turbulence actiqgmggﬁthese gradients might very

well produce the high values of c%g) deduced by us.
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Chapter VI. Summary of the Results of Our Drift

Motion Measurements

In the preceding chapters we have attempted to establish
a broad experimental and theoretical context into which the results
of this experiment can be placed. The methods by which our data were
obtained were described in Chapter IV. In that chapter we also ex-
plained the basis of our interpretation of the records. In essence,
the interpretation depends upon the simultaneous recording of the
frequency spectra of auroral echoes from a CW transmitter, received
on antennas directed east and west of geomagnetic north. It was
assumed $hat the frequency shifts were caused by motions of the echo-
ing centers thfough Doppler action. That assumption was justified
by simultaneous recordings on two frequencies (see Figure 14d) and
by the average shifts measured on the two frequencies. We now pro-
ceed t0 examine the observed motions in more detail., We also com-
pare them with the previous measurements mentioned in Chapters I,

II, and III, as well as with magnetic records taken concurrently,

1, Summary of Results

Observations were made on 53 nights during the period
January through April, 1957, Auroral echoes were obtained for some
periods on 33 of the nights, with durations varying from several
minutes to four hours., A total of 32 hours of auroral echoes were
recorded and analyzed. Photographs of about 800 different frequency
spectra of these echoes were taken.

In most cases the echo was received with measurable spectra
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on only on; of the antennas--that is, from one side of geomagnetic
north. In some instances the echo was much stronger on one antenna
than on the other, and the frequency spectra were almost identical.
Since the antenna beams overlapped, such records may be interpreted
as indicating that both antennas were receiving echoes from the same
portion of the sky. In Chapter IV we discusced an example of this
type (see Figure 16), for which we were able to prove, by using a
rotating antenna, that such an interpretation was correct.

When echoes are being received from only one side of north,
it is not possible to determine the direction of motions positively.
However, on 11 different nights, for a total of 4 hours of auroral
echoes, the gignals on both antennas were of almost equal strength,
and the frequency spectra were displaced in opposite directions.
Examples of these spectra are shown in Figures 12, 13 (at 0046 %),
and 15. For those periods the direction of motion must have been
generally east-west although, as explained in Chapter 1V, a small
north-south component was also present., On six nights, for a total
of six hours of auroral echoes, echoes wers received for alternate
periods on the two antennas with frequency spectra that were con-
sistently displaced in opposite directions. It seems unquestionable
that records of that type could be produced only by east-west mo-
tions, In only one instance, and for a period of five minutes, did
we see any records in which the spectra on both channels were so
similar as to rule out a generally east-west motion.

From thig evidence, we conecluded that the motions were
for the most part east-west and interpreted all our records in that

way, even for the times when the echoes were being received on only
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one antenna. The nocturnal variation of the directions of motions
has been plotted in Figure 21, The number of occurrences of motion
to the east or west observed during the hours indicated may be noted.
Along the top border of Figure 21 are given the number of times that
observations were made during the hour specified. For example, be~
tween 2300 and 2400 Alaska Standard Time observations were made on
b3 nights. Auroral echoes were obtained during that hour on 1h of
the nights. Of these, ten showed electron drift motion %o the east
and four to the west., It is apparent from Figure 21 that westerly
drift motions were observed chiefly in the evening hours. The trans-
ition from predominantly westerly motions to predominantly easterly
motions occurred around 2200 local time, That result checks very
well with the average current system shown in Figure 2, where we

sav that the transition from easterly currents (westerly motion of
electrons) to westerly currents (easterly motion of electrons) also
occurs around 2200, The result also agrees with the auroral zone
scintillation motions of Maxwell and Dagg [195&] described in Chap-
ter I. Maxwell and Dagg reported a transition from westerly to
easterly motions in the auroral zone at 2100.

The determination of the speed of motion is more difficult
than establishing the direction. As previously shown, for east-west
motion the speed v is determined from the freguency shift Af by

v =1l.42 OFf ceca for 106 Mc/s

(6.1)
= 3,65 Af csca for 41.15 Mc/s,
where a is the azimuth angle.
The frequency spectra are of course spread as a result of

the variation ina. In addition, there is undoubtedly a variation
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in the velocities of the electrons in the auroral region. In the
discussion of our interferometer results (see Chapter IV), it was
shown that the variation in velocities was probably no%t greater
than 1.5 to 1. TUpon the assumption of uniform velocitiss, a speed
can be calculated from an examination of the spectra. An example
was pregsented in Equation (4.7), for which a speed of arcund 1,100
m/s was found. Such a calculation, however, is impossible for the
records where echoes were received from only one side of north,

A eruder computation of the speed can be made by estimat-
ipg the mean frequency shift Gﬁfm) from the recorded spectrum.
Since the gain of the antennas is greatest at an azimuth angle of
30 degrees, the mean shift may be assumed to be associated with
echoes from that diregtion. On that basis, Equation (6.1) may be

rewritten

1]

v = 2.8y af for 106 Mc/s

(6.2)

v =730 Af for 41.15 Me/s .

The observed frequency shifts at 106 Mc/s varied from
0 to 800 cps; the mean shifts varied from 125 to 500 cps. At 41.15
Mc/s the observed frequency shifts varied from O to 500 cpsi the
mean shifts waried from 50 to 200 cps. Using Equation (6.2), the
velocities measured at 106 Mc/s ranged from 360 to 1,425 m/s; at
41.15 Mc/s they ranged from 365 to 1,460 m/s. It should be empha-
sized that most of the measurements at the two frequencies were
not made on the same nights, so it is all the more astonishing that
the results should be so nearly equal., The median speed measured
at 106 Mc/s was 720 m/s; at 41.15 Mc/s, for 153 measurements, the

median was 730 m/s.



Although the accuracy of the figures quoted above is
probably not better than + 50 per cent or - 25 per cent, it is
also doubtful that the errors can be much greater. The method
uged to estimate the speeds possibly leads to values that are
somewhat too small, since the effect of aspect sensitivity would
increase the amplitudes of components arriving from small azimuth
angles, Again it is somewhat surprising that the results at the
two frequencies should have the same aversge value of about 725
m/s. That value can be compared with the 700 m/s value (see
Equation (3.2)) that we computed by considering the average current
systems described in Chapter III, It is also of the same order
of magnitude as the speeds measured in the E and F regions during
magnetic storms by the radio means deseribed in Chapter I.

Comparison of the auroral Doppler shift measurements
with magnetic observations made concurrently at College and Point
Barrow by the United States Coast and Geodetic Survey can at best
be only qualitative. It will be recalled from the discussion in
Chapter V that the radio echoes observed are obtained from a zone
100 to 80O km geomagnetically north of Colleze. The disturbances
in the magnetic field at any single station depend of course on the
total current system and are strongest when the intense currents
are overhead at that station, Point Barrow, as shown in Figure 20,
is about 52 degrees west of geomagnetic north from College.

The actual current systems can only be derived from magneto-
grams teken at many stations. This is particularly true since, as
mentioned in Chapter III, many of the disturbances are quite local-

ized.
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2, Description and Interpretation of Sample Records

It is not surprising, of course, that the nights on which
auroral echoeg were observed were also nights of visual auroras and
magnetic activity. A selegtion of sample nights will be described.
The nights selected were ones on which echoes were obtained from both
east and west of geomagnetic north. The sirength of the current can
be judged from the fact that an infinite linear current at a distance
r (meters) is related to the total disturbance field AY by

I=5x 1072 r oy amps . (6.3)
Thus for a A7 equal %o 103, the current at a range of 100 km is 5 x
105 amps, the same order of magnitude as the intense currents described
in Chapter III. In most cases the greatest disturbance is in the
horizontal component H. For the order-of-magnitude comparisons made
here, AH may be considered to be AY. In addition, there should be
a correction for the effect of the earth currents. Since Harang
[19&6] showed that near the auroral zone taking account of the earth
currents would reduce the computed value by only about 10 per cent,
this correction is negligible for our purpose.

In the descriptions which follow, it should be noted that
a positive bay in H would be caused by an eastward current or a west-
ward drift of electrons, A negative bay in H would be associated
with an eastward drift of electrons. In all cases the times quoted
are Alaska Standard Time, The directions referred to are in geo;
magnetic co-ordinates.
danuary 29-30, 1957

Descriptiont Auroral echoes were obtained from 2045 to

2115 and from 2210 to 2235. In both cases the drift motion was %o
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the east. The College magnetogram shows a small positive bday in H
from 1800 to 2100 and a negative bay from 2100 to 2230, The maximum
AH occurred between 2220 and 2240 with a magnitude of 880 7. A%
Point Barrow the disturbance in H began suddenly at 2210. A large
bay with a magnitude of 1,250 v lasted umtil 2220; it was followed
by a small negative bay that lasted until 2320,

Interpretation: In general, the large negative bays 0b-
served are consistent with the eastward drift motion measured.
While our auroral echoes indicated drift motion to the east from
their onset at 20&50Athe Collegs magnetogram indicates that the
trangition from westward electron motion te eastward started at 2100.
It will be recallsd, however, that the current discontinuity pro-
gresses southward and would be expected to occur earlier in the
region from which the echoes are obtained. Again, the radio echoes
disappeared before the time of maximum AH at College, when the cur-
rent system was closest te¢ College. The beginning of the disturdb-
ance at Point Barrow coincided with the beginning of our second echo
period. The end of the large negative bay shown on the magnetiec
record for Point Barrow at 2320 is consistent with the fact that

after that time all our echoes were received from the east,

Description: Auroral eschoes were obtained from the beginning
of obgervations at 2058. Measurements from 2140 to 2205 showed that
the drift motions were to the west. From 2225 to 2345 the motions
were to the east, The frequency shifts were greater on the east
antenna, indicating that the auroral region extended only slightly

west of north, The CGollege magnetogram shows a positive bay of about
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300 ¥. from 1940 to 2200 and a negative bay of about 300 7. from 2200
to 2300. An additional small negative bay was present from 2310 %o
2345. The Barrow magnetogram shows only small, hijgh frequency fiuc-
tuations in H of about 100 ¥ from 2100 to 0110, The main disturbance
in the field at Point Barrow was in its declination.

Interpretation: The trangition of electron drift motions
from westward to eastward checks very well with the transition from
a positive bay to a negative bay. The echoes disappeared at the
same time that the negative bay ended. The fact that the major dig-
turbance at Point Barrow was in declination is consistent with the

obgervation that the echo region extended only somewhat west of north.

Dessription: Auroral echoes began at 2235 from east of
north, The drift motion was to the west until 2355, when it re-
versed toward the east. From 2359 to 0007 the echoes were received
from both east and west of north: but from 0007 to €04l the echoes
were all from the west. IFrom OOil to 0145 echoes were again received
from both east and west of north., The drift motion was always to
the east after 2355, The College magnetogram shows slightly positive
AE before 2400 followed by a large negative bay of up to 6007 from
2500 to 0145, and a small negative bay from 0156 to 0300. At Point
Barrow the negative bay started at 0030 and continued wuntil 0200
with a maximum AH of about 750y . MAgain large changes in declination
occurred at Point Barrow.

Interpretation: The westward electron drift motions ob-
served before 2355 appear %0 be associated with only a very small

+AH at College. However, the fact that echoes were received only
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from east of north until that time suggests that the current region
was quite localized. At 2355, the transition to eastward electron
motions correlates well with the large magnetic bay at College. The
fact that echoes were received from west of north from 0007 to 004l
is consistent with the late start of the negative bay at Point Barrow,.
The localized region appeared to progress westward along the auroral
gone.,
March 24~25, 1957

Descriptiont Auroral echoes were obtained from the be-
ginning of observation at 2052. The echoes were from the east and
indicated westward motion wntil 2120, Between 2120 and 2230 the
motions were mixed with echoes from both east and west starting at
2202. After 2230 the drift motion was always to the east, the echo
from west of north being strong from 2312 to 2332, After 2332 the
echo was from the east until 001k, after which the echo disappeared.
At College there was a positive bay in H from 1530 to 2230, with
the major disturbance ending at about 2115 and only a small disturdb-
ance continuing until 2230, At 2230 a large negative bay began,
reaching 600 ¥ at times. At 0009 there was a sharp recovery in E
with a small negative bay continuing until 0u400. After 0300 the
AZ component was positive until 0400, indicating that the major cur-
rent was south of College. The Point Barrow magnetogram shows a
negative bay in H of up to 600 Y. from 2230 %o 2330.

Interpretationt The large positive bay in H at College
before 2120 agreés with the westward auroral drift motions until
that time, The mixed motions coincide with a period of transition

between the positive bay and the negative bay beginning at 2230.
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The fact that after 2230 the auroral motions were only to the east
checks well with the negative bay observed. The sharp recovery of
the negative bay at 0009 coincides with the decrease and final dis-
appearance of the echoes at 0014. The current region again appears
to have progressed westward, the later appearance of echoes from
the west after 2202 and the large west amplitude from 2313 to 2332
correlating with the negative bay at Point Barrow from 2230 to
2330,
March 28-29, 1957

Description: Auroral echoes were present from the begin-
ning of observations at 0847. The motion was always %o the east.
Bchoes were received on both antennas until the echoes disappeared
at 0906, The College magnetogram shows a series of negative bays
starting at 0320, The last negative bay started at 0805 and reached
a maximum AE of about 8607%.. By 0900 the H field was returning to
normal, and it reached its normal wvalue by 0915. A% Point Barrow
a series of negative bays in H started at 0315. The last negative
bay started at 0815, reached 1,100 ¥ between 0836 and 0845, and had
returned almost to normal by 0915,

Interpretationt In this case, radio observations were
made only at the end of the disturbance, The eastward motions cor-
relate with the negative bay in H., The disappearance of the echoes

coincides closely with the end of the magnetic bay.

3. Conclusions
The analysis of our results, as described in this chapter,

shows an excellent statistical agreement with the motiong deduced
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from the current systems responsible for magnetic disturbances., The
speeds and directions measured by the Doppler shift method also agree
very well with those measured by other radio techniques during mag;
netic disturbances. We have included more detailed descriptions of
particular nights to demonstrate the substantial qualitative agree-
ment of our measurements with the magnetic observations., We conclude
therefore that the electron motions in radio auroral regions are pro-
duced by the electric fields that drive the currents respongible for
nagnetic disturbances.

The most intense currents are ordinarily east-west, even
though north-south components are present. A probable explanation
for the relatively few times that we detected motions that were not
approximately east-west is that the auroral echoes come from the
region of most intense currents (see Figure 2)., The technique used
unfortunately did not lead to an accurate determination of the north-
south eomponent,

From the informetion galned in this experiment, the general
nature of the motiong of auroral ionization appears to be established.
The uncertainty as to the cause of the rapid fading rates observed
in radar auroral studies is now resolved. Booker's statement, quoted
in the Introduction to this report, that the rapid fading could not
be explained in terms of windspeed and turbulence is undoubtedly cor-
rect. The explanation lies in the electric fields set up in auroral
regions., These fields cause the charges to0 move rapidly, thus pro-
ducing large Doppler shifts in the echoes. The addition over the
radar passband of these randomly phased, frequency shifted echoes

produces the raplid fading.
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Ve velieve that this study has led to a better understand-~
ing of the Doppler shifts of auroral radar echoes and of the electron
drift motions that cause them. 3By eapplying this increased knowledge,
it may be posgible to improve high latitude radio communications,

To define end localize the motions more exactly, further work in this

field should be conducted with narrow beam antennas.
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