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THEME

! Studies of the characteristics and the effects of the arctic ionosphere on radio and

: radar propagation have been conducted for many years. The experimental and theoretical
' efforts recently expended necessitated a meeting of active workers in this field. The
objectives were to summarize the current state of knowledge of 1adar-arctic propagation.
and to determine and recommend where additional investigations are required.

The characteristics of radar propagation in the arctic ionosphere, such as amplitude,
phase and angle scintillation, auroral clutter and auroral noise affecting VHF-UHF
transmissions are of concern. For HF transmissions, the additional ionospheric phenomena
of interest are, spread F. sporadic E, auroral absorption, polar cap absorption, and traveling
ionospheric disturbances. The current status of experimental and theoretical data on the
propagation limitations of these effects in the frequency range from appreximately 1 MHz
to 10 GHz and the correlation of these eifects with such phenomena as magnetic activity,
optical aurora and particle precipitation were considered at the meeting.

CW and pulse transmissions were treated for propagation paths traversing the arctic

regions. [nvestigations of the arctic-ionospheric propagdation characteristics utilizing radio
astronomical and satellite transmissions were particularly applicable to this meeting.

George H.Millmann
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EDITOR’S FOREWORD

This book contains papers and discussions of the Electromagnetic Wave Propagation
Panel Specialists Meeting on ‘‘RiJar Propagation in the Arctic’ held at Lindau/Harz,
Federal Republic of Germany in September 1971,

This type of book is of little value if it is not made quickly available to the scieatific
and technical community. For this reason the Program Chairman selected the papers to
be presented and included in the Proceedings, on the basis of abstracts that were
submitted 6 months before the mecting. The authors were asked to complete their papers
and prepare them for photocopying betore the meeting. The papers have not beer. edited
or changed in any fashion in the interest of rapid publication.

The discussions were recorded by having the participants write down their own
questions, answers or comments during or after the sessions,

The Editor has made some changes in the discussion comments in view of the contents
of the written versions of the papers.

The discussion of Session VII was recorded on tape, transcribed, condensed and
rephrased by the Editor.

J.Frihagen
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RESEARCH TASKS CONCERNING NATO SURVEILLANCE
IN THE ARCTIC REGION

by

H.J. ALBRECHT
Chairman, NATO-TACSATCOM Committee

Without going too much into the historic development of the North Atlantic Treaty Organization, we should remember
that this great international community was born in 1949 as the answer cf the West to the threat presented by the steadily
increasing strength of the Soviet Bloc. In subseauent years, more and more nations joined this collective defence system
and now cooperate in the protection of the whole of the Atlantic Area.

During the last twenty years, the NATO-created balance of military forces between East and West has prevented further
communist goins. More and more examples of Soviet expansion tendencies have confirmed the need of strong Western forces
which help to maintain this balance of power.

The Eastern Nations have combined their forces in accordance with the Warsaw Pact, Their strength has increased more
rapidly than that of NATO, On the other hand, the higher quality of the military power available on the Western side has
to be emphasized, An additional, perhops more political aspect is presented by the fact that Soviet troops in Central Europe
have to be considered as part of an occupational force.

The threat to which Western Nations are e:.posed is generally anclyzed in accordance with geographic regions. Recent
reports have frequently referred to the increase of Soviet naval power in the Mediterrunean Area. On the other hand, there
are the Central European and the northern regions. Since one of .he moin tasks of NATO is the maintenance of forces and a
steady surveillance in all geographic areas of strategic importance, the northern and the central zones must ot be neglected,
even if major attention is directed at the balance of power in onother area.

With regard to the northern flank of NATO, the appropriate military command is represented by AFNORTH, the Northern

European Comimand located at Kolsaas in Norway and the Allied Command Atlantic, called ACLANT with its headquarters

at Norfolk, Virginia, United States of America. Analyzing in detail the military threat in the Arctic Region, the effective
frontier between NATO and Warsaw Pact Nations leads from Northern Norway via Spitzbergen at 650 km from the extreme
North of Norway to Greenland, and extends towords the islands of Northern Canada ond Alaska. Beside national troops and
units integrated in NATO, a mobile force under direct NATO command is of extreme importance for the defence of the
northern NATO region, It hos been established to be available at short notice and comprises army units from Canada, Italy,
and the United Kingdom and parat-o.ps from Belgium, the Netherlands, United Kingdom, and United States of America.

With porticular regord te naval activities, the Soviet navy is considerably active in the Northern Atlantic Region. In
principle, Soviet fleets may be capable of challenging the West wherever arcessibie waters exist. An important foctor is
presentad by the submarine force and by naval units capable of missile launcning. This leads to another important type of
threat: short-range and long-range missiles. Their warheads may be of conventional or nuclear type. Flight poths in the
Arctic Region display relatively short distances between launching bases and some NATO countries.

Summarizing, the northern port of the gengraphic area covered by the North Atlontic Treaty Organization is particu-
lorly exposed to enemy attack. The degree of threat has to be recognized and monitored ronstantly. This is one of the
essential tasks of NATO wiveillance.

Depending upon the octual objective, surveillance can best be achieved by optical, electronic, or even acoustic
means, Optical and accustic methods of detecting enemy movements on land, on sea, in air or in spacc require relatively
short distances between the object and the monitor.

One of the most important methods of surveillonce is represented by electronic means. In principle, hoth, passive and
active methods, exist. The former iaclude all monitoring systems directed at the enemy’s transmissions for the purposc of
communications, navigation, as well as his radar surveillance. On the other hond, the last-mentionad method represents
the active type if used in the conventional way of analyzing one’s own signal reflected by an enemy object, i.e. by
RADAR. The more elaborate the systrms, the more conclusive cen be the 12sults,

With particular reference to the methods of surveillance used on the northern flank of the NATO strategic environment,
electronic warning systems play o decisive role. The northern frontier between NATO- and Warsaw Pact Nations is com-
pletely covered by radar warning systems. Radar may be used on suitable frequencies which extend from HF to VHF and
UHF ranges. In principle, the utilization of rodar ond radio links is limited by several foctors, one of them being the be-
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haviour of the propagation medium. Such limitations are particularly pronounced in certain geographical zones, Predomi-
nant are the effects on "Rador Propagation in the Arctic".,

Your specialists’ meeting on this topic will deal in particular with all the relevont results of research work achieved
up to now. It will thus presznt a summary of the current state of understanding the problems connected with radar propoga-
tion in this geographic regiun of so vital importance to NATO, The different Arctic propogation effects io be dealt with by
this meeting cover m e than those relevant to radar use, because the effectiveness of propagation limitations on communi-
cation and navigation links is very similar,

The aurora zone is frequently taken as an indication of particularly intense changes in propagation conditions,

Following the fundamental research work by Sir Edward Appleton and his cc 'laborators in the early twenties, the
analysis of the ionosphere was carried out on o world-wide basis. Particular attention has been paid to the polar region on
account of the higher variability and larger number of unknowns in that geogrophic area. In combination with optical ob-
servations of aurora activities and, later on, the aurora backscatter for VHF and UHF transmissions, more and more infor-
mation was gathered on the effects of Arctic propagation media. Yet, even at this stage, quite a number of unknown factors
exists and presents themselves os research objectives.

To some degree, the progressive change in communication systems emphasizes the importance of gaining complete ur-
derstanding on the behaviour of propagation media. A typical example is represented by the use of sotellites for communi-
cation and navigation purposes. With terrestrial terminals in higher latitudes, elevation angles appropriate for NATO
satellite communication links are small with satellite orbits around the equatorial plane. Thus paths affected are longer
and detrimental effects are enhanced, Typical visibility ranges for a satellite in geostationary orbit show o NATO-wide
coverage, A complete session in your meeting witl deal with polar scintillations which have a decisive bearing on ompiitude
and phase stability of sicnals possing through the atmosphere to spacecraft or satellites.

In principle, there is no technical system which cannot be improved if time and oppropriate means are available.
Although the surveillance systems presently used by NATO may already be regarded optimum, their effectiveness con still
be improved if new progress in research and development is token into account.

With regard to the subject under discussion in this lead poper, three main areas of possible progress are indicated:

techrology
recognition and extension of system limitations
definition and accurate prediction of propogation-medium behaviour.

A an example, technological progress may establish the usefulness of new portions of the electromagnetic frequency
spectrum and thereby extend the system limitations beyond the range 1 MHz to 10 GHz. Appropriate work is being under-
tnken on a NATO-wide bosis and particular attention has to be paid to the applications of those frequencies in the polar
region. Obviously, one of the important limitations with regard to such high frequencies is presented by the propagation
medium itself, Thus the third point mentioned is of equal if not more importance,

As another possible example of improving the surveillonce, the general field of combining several surveillance sub-
systems may offer new aspects. Such hybrid systems have come into being with the develcpment of computers ar-d their
general empioyment in the strotegic and tactical field. Progress being constantly made in the field generally defined as
Command and Control will open up new roads to better surveillance.

Ever since the commencement of tne North Atlantic Treaty Organization in 1949 ond the associated programmes of
research, development and production, new results have been obtained on @ NATO-wide basis. The multinational coopera-
tion has been mutually profitable for all participating nations, This is continuously being verified by programmes which have
olready been concluded and other projects still being undertaken by NATO or a number of nations belonging to NATO, It
has also been proved that efficient management on a multinational basis is extremely important and represents one of the
secrets of success. As an example, complete duplication of research work may be considered o useless expenditure, but
permitting two or more groups to investigate simuitaneously the same project on somewhat different lines certainiy results
in a stimulation of acrivities.

N»wadays, as never before, the safety of a nation or o union of nations is so much connected to and so much depends
on results gained in the development of new defence meuns. Historically, even Roman troops more than 2000 years ago used
technical oids which had to be developed and te:*ed. Even then, some kind of defence research work had to be carried out
to keep equipment rodern.

Especially with engineering progress during the lost few centuries, the utilization of techrical means advanced more
and more and increased its share as well os its right of priority in planniry for efficient defence. NATO as the great block
of Western Nations uses surveillance and alertness as methods of modern defence.

And within NATO, the Advisory Group for Aerospace Research and Development or ‘A GARD" fulfills the tosks of
managing and coordinating many essentiol R&D projects. The founder and first cholrman of AGARL', Dr. von Karmon, once
said:

"Scientific results cannot be use efficiently by soldiers who have no
understanding of them, and scientiris cannot produce results useful
for warfare without an understanding of the operations".

i
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One of AGARD's major achievements has been the establishment of such mutual cooperation.

Twenty years ago, competent representatives of ' TO nations recommended the formation of AGARD. [t might perhaps
be advisable to quote here Dr, von Karman again, from his reply to Professor Henri Lougier, Assistant Secretary General for
Social Affairs in the 1947 newly created United Nations, who had asked Dr. von Karman for ideas on the contribution
scientists could make to maintaining ‘vorld peace :

"l urged os a first step toward permanent peace the establishment of key
international research centres, designed to attract learned men of all
countries who would come to exchange ideas. | envisioned a return of the
vagantes, or wandering scholars of the Middle Ages, who would, | felt,
act as ambassadors to lay the foundations of internationul good will, "

In this way, and by its publication of scientific results obtained by multinational cooperation, and by providing NATO
with the odvisory capacity necessary to fulfill the military tasks, AGARD contiibutes to maintaining and safeguarding world
peace.

AGARD’s Symposia, Specialists” Meetings and Lecture Series enjoy a high reputation among scie~.tists and military
users. Your meeting will be of direct concern to one of NATO's essential surveillonce tasks. | would like to cor-clude by
wishing you the utmost of success.
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MORPHOLOGY OF RADIO-RADAR POLAR PROPAGATION EFFECTS

T.R. Hartz
Communications Research Centre
P.0O. Box 490, Station 'A', Ottawa, KIN 8T5, Canada

ABSTRACT

Radio-wave propagation through the upper atmosphere at high latitudes is conditioned by effects
arising from the influx of energetic charged particles. Some of these effects are associated with the
auroral phenomena and have been studied for many years in that context, mainly from ground stations. More
recently such observations have been supplemented by rocket and satellite measurements, and also have been
extended to include particle-induced phenomena not directly linked to the aurora. This paper will review
a variety of observational data on the polar upper atmosphere, and particularly on the morphological
patterns deduced for the particle precipitation associated with auroral phenomena and with polar-cap
disturbances. The significance of different portions of such patterns will be discussed with reference to
particie energies, sources, and ionospheric changes during particular disturbed intervals. Statistical
data on the diurnal, scascnal, and spaiial variation of such associated propagation effects as absorption,
scintillation, dispersion, etc., will be examined, azlong with their correlation with magnetic activity,
spread F, sporadic E, visual aurora, and radioc noise observations. In addition, the storm-time variation
of some of these phenomena will be discussed from the point of view of their short-term effects on radio-
wave propagation.

1. INTRODUCTION

This paper will attempt to prcvide a general-background description of some of the high-latitude
phenomena that occur in the upper acmosphere. All too frequently one tends to think of such phenomena as
disturbances or anomalous features in what might otherwise be a regular, easily-describable situation, but
this attitude has been conditioned largely by low-latitude experiepce. The low- and middle-latitude
ionosphere can generally be described in terms of solar illumination and processes that depend principally
on the ultra-violet, optical, and infra-red radiations. At high latitudes the additional influences of
energetic charged particles have to be considered and the extrapolation from the better-known low-latitude
situation has introduced considerable confusion in terminology. The literature is full of abnormalities
and disturbances of various kinds, and all too frequently the disturbances are meaningful cnly in terms of
the particular observing equipment used so that their manifestation in another type of observation cannot
readily be predicted.

The essential point is that at high latitudes there is an additional energy source for upper-atmospheric
phenomena ir the form of energetic charged particles and that this is a normal rather than abnormal
situation. Accordingly, the polar propagation effects of concern here are those resulting from particle
precipitation, and the latitudes of interest are those where particle effects are observed. Historically,
the most obvious effects are the auroral phenomena, though for purposes of this symposium the interest is
wore in the ionization features and the direct influence of these on radio-wave propagation. From a
practical point of view there are two main particle populations to consider; these can be identified in
terms of their atmospheric effects as polar-cap-absorption (PCA) particles and auroral particles. The
basic distinction between the two classes hinges on the energy and number density of the particles. The
PCA events are associated primarily with incoming protons having energies of the order of 10 MeV, but whose
number density is sufficiently low that particle interactions are not significant above a height of about
1000 Km; as a consequence their motions in the gcomagnetic field can be fairly well approximated by
Stérmer's theory for individual particles in a dipole field. The avroral phenomena, on the other hand, are
associated with a substantially greater flux of lesser-energy electrons and protons and their behaviour in
the geomagnetic field is more complicated because of particle interaction effects. As a result these
particles precipitate in a characteristic pattern which is related to the geometry of the magnetosphere
and which, when described statisticilly, is known generally as the Auroral Zone.

The paper will describe the average precipitation pattern for the auroral particles; it will also
indicate very briefly the effects of PCA particle influx. It will review some of the gross observational
evidence on the auroral phenomena and on the associated fonization features in different regions of the
ionosphere. This general morphological picture is intended to serve as a background for some of the
subsequent discussions in the symposium. In addition some of the short-term effects observable in various
phenomena during magnetospheric storms and sub-storms will be discussed briefly in relation to the general
precipitation pattern.

2. AURORAL PAKTICLE PRECIPITATION

In considering the effects of the influx of auroral narticles into the upper atmosphere one can
outline a number of possible processes whose relative probability will depend somewhat on such factors as
energy, number flux, and the nature of the atmospheric constituents. These processes, alcag with their
respective manifestations, are summarized in Figure I-I. Ta general most of the effects can be attributed
to electrons, though the consequences of incoming protons ace rather similar but not always as marked.
These processes are expected in addition to those arising from sunlight or ultra-violet radiation;
consequently, all these effects, plus perhaps several others, are to be considered in the category of
auroral phenomena.

It is important to note that a one-to-one correspondence between the different observable phenomena
shown in Figure I-1 1is not necessarily anticipated, nor i{s it found in practice. The radio-wave propagation
effects are mainly associated with the ionization, the transport of fonization, and the associated small
scale features, structures, and gradients that arise in the ionosphere. The rrtatistical patterns for these
effects can differ in some details from the auroral statistical picture, which depends on atomic and
molecular excitation through several processes most of which are indirect. Additional complications may
arise from observability factors such as aspect angle or daylight. Nevertheless, to the extent that the
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1-2
statistics of each phenomenon are somehow indicative of the precipitating particle flux, one would expect
the precipitation pattern resulting from each process to show gross similarities. This has indeed been
demonstrated, and as such provides most of the basis for the morphological summary that follows.

It will be obvious that this method of arriving at a particle precipitation pattern or a gross
morphological picture is hazardous. It involves the averaging or generalizing of detailed observations;
in rocket or satellite data ambiguities of time and space need to be overcome, while in ground-based
observations interpolations and extrapolations are required to off-set any deficiencies in station locations.
Such procedures tend to smooth out the fine details in the data at the expense of the overall picture.
There is thus a constant danger that the real physical situation might be obscured and replaced by a
pattern forced by the processing used. One must also be cautious in treating the various observable
features identified in Figurel-l ag equivalent; certainly they are not, even though various workers have
been zealous in associating the adjective 'auroral' with many of them. Thus one finds auroral hiss,
auroral absorption, auroral sporadic E, radio aurora, auroral X-rays, etc., where the association with
aurora may be questionable. In the analysis undertaken here different data have been examined for general
chara:teristics; these generalizations are not intended primarily to provide a faithful description of one
or other of the phenomena in question, but rather to reveal a gross pattern or patterns for the particle
precipitation which can be taken as meaningful in t.ims of the ionospheric or magnetospheric processes,

At various times in the past statistics on the occurrence of aurora in the night sky have been
compiled. Until very recently these were based on visual or photographic observations from the ground and
suffered from problems of cloud cover, twilight or daylight, limitatfons in station locations, etc. In
spite of these difficulties a meaningful geographical distribution hasg resulted. Figure I-2 shows the
Northern Auroral Zone, or the region in which nighttime aurora is rcen overhead most frequently (1), (2).
Most people are familiar enough with the geographic location :’' the zone maximum, but they do not always
remember that this zone has some substantial width and that .t represents the statistical rather than an
instantaneous situation. In Figure |-2 the edges of the shaded region mark the half-maximum contours, while
the maximum or most intense shading represents the regions over which auroras are observed on more than
90% of the nights.

This distribution indicates where the nighttime visual phenomena are observed, but give no information
at other times of day. Because the centre of this annular ring corresponds with the north geomagnetic
pole, it is convenient to use a coordinate system involving latitude and longiftude, or local time, based
on the geomagnetic poles, and Figure 1.3 shows auroral statistical data for the northern hemisphere as a
function of geomagnetic latitude and geomagnetic local time (3). The pattern is that of an eccentric ring,
which has become known generally as the 'auroral oval' and which shows a fairly constant probability of
occurrence throughout the day, with slightly higher values in the night hours.

3. PRECIPITATION PATTERNS

Because of some uncertainties in the daytime data, and bearing in mind the distinction between aurora
and other observables that has already been noted in regard to Figure 1-l, a number of workers have under-
taken statistical studies of various observations to derive particle precipitation patterns. One such
study was that of Hartz and Brice, who examined mainly data from ground-based instrumentation (4). They
found a two-zoned pattern for the particle influx, one zone correspording more or less with the auroral
nval and the other consisting of an annular ring at a constant latitude of about 65° geomagnetic. Thelr
study was based on auroral absorption data, all-sky camera data, magnetometer data, micro-pulsations, mantle
aurora, various types of radio aurora, VLF radio noise and auroral hiss data, observations of spread F and
sporadic E ionosonde echoes, balloon X-ray data, and satellite observations of the 10 keV and 40 keV electron
flux. In almost every case they found indications of two general classes ot characteristics which could be
gorted into the two different diurnal patterns,

It should be noted that the Hartz-Brice pattern was an idealized diagram; it represented the latitude
and time regions in which a number of presumed auroral parameters were found tc occur most frequently and
in which they showed similar general characteristics., The analysis leading to that diagram set out to
identify common properties in the variocus data and in the process tended to force a set of observations
into une of only two categories. As a consequence, a lot of detailed features and fine structure were
smoothed out, the degree of overlap of the two regions was de-emphasized, and the particular obeervational
parameters were generalized. The two zones were portrayed as rather narrower than warranted by the data in
order to accentuate the distinction between the two; probably a more realistic representation would have
shown some overlapping at all hours of the day.

In spite of such short-comings that pattern has served a very useful purpnse in distinguishing two
quite dissimilar types of particle precipitation. Since it was produced there have been many additional
data from rocket-, satellite-, and aircraft-borne instrumentation, as well as from ground stations. It now
appears that some modifications to that diagram are called for, mainly in connection with the inner or
'gplash' zone, or auroral oval, as 1t 1s better known. This oval can be associated uvith the boundary
between the open and closed field lines In the magnetospheore and there are philosophical arguments which
lead one to expect that phenomena on the day and night sides should differ. 1In the one case the boundary
lies deep in the magnetospherlc tail in association with the plasma sheet, and in the other case it {s
linked to the neutral point or cusp on the surface of the magnetcephere and thus probably to the magneto-
sheath plasma. Observationally, there are substantial data that indicate that the auroral phenomena near
noon have quite different properties from those at night. Whereas the nighttime aurora i{s primarily substorm
related, of limited duration, localized, rather sporadic, and at a height near 105 Km, the daytime
phenowenon apparently occurs virtually 100% of the time st heights in excess of about 140 Km (5), (6), (7).
Recently Akasofu (8) and Romick (9) have reported midday auroras with intense red (6300 K) color, character-
istic of the greater heights and low-energy particle precipitation, and similar findings have been reported
by Eather (10), by Eather and Mende (11), and by Buchau et al (12%. These auroras tend to be of the glow
type with some arcs and ray structure that exhibit a green (5577 A) lower border, but with a relatively
high red-to-green intensity ratio. They occur in the higher-latitude portion of the oval, above about 75°
geomagnetic, whereas the lower-latitude side of the oval seems to show auroras with more structure that
appear typical of a more-energetic particle influx.
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Various other data have been obtained on the day side of the oval that indicate different properties

from those at night. The direct particle observations of Burch (13), Hoffman and Berko (14), Johnson and
Sharp (15), Heikkila and Winningham (16), Fronk (17), and Frank and Ackerson (18) show intense fluxes of
soft electrons near noon, with energies characteristically less than 1 keV, and with indications of a

gomewhat harder flux at slightly lower latitudes.

The VLF and LF emission observations of Gurnett (19),

Hughes and Kaiser (20), Laaspere et al (21), Dunkel and Helliwell (22), Hartz (23), Ba rington et al (24),
and Gurnett and Frank (25), insofar as they can be taken to portray the electron influx, show very intense
The magnetometer data also show very significant day-to-night
differences in the oval, as described by Mishin, et al (26), and somewhat similar conclusions have been
expressed in regard to a number of other parameters (cf. Nishid: (27), Andrews and Thomas (28), and Lebeau
(29)). As a consequence several revisions of or alternatives to the Hartz-Brice precipitation pattern have
been advanced, of which the one described by Hartz (23) will be ocutlined here.

levels in the day and afternoon sectors.

Consideration of the various observaticnal data mentioned above has led to the revised precipitation
pattern st ...m in Figure 14, Here the phenomena on the day side of the oval have been distinguished from
those at n: 't on the basis of general characteristics rather than simply on an energy basis. The
distinctive widday influx is represented by the stars, while the rest of the diagram essentially corresponds
to the earlier version., Again this is to be taken as an idealized diagram depicting the average situation;
the observations of particular phenomena suggest rather more overlapping of the three principal zones with
a more gradual transition from one to the other than is shown here.
Burch (13}, and Hoffman and Berko (14) and by Eather and Mende (11) would suggest that a hard (1, keV)
electron precipitation in the noon sector occurs in the lucitude reglon 70 - 75°, which may not have been
adequately represented by the symbols shown in that time sector in Figure 1-4. Those authors have
described the hard zone as being generally featureless, which would imply that it should probably be

identified with the drizzle zone.

For instance the results presented by

If so, the drizzle precipitation, in this time sector at least, has a

significant lower-energy component that appears at higher latitudes than depicted in the figure, whicth

-would then overlap with the edges of the splash zone and also with the soft zone. Similarly, the nighttime

splash zore has been depicted on the hasis of the more energetic flux and probably does not adequately
represent the low-energy precipitation events which tend to lie at slightly higher latitudes (cf. Eather and
Mende (11)) and which are likely the low-energy tail of the splash events. However, Figure i-4 1is intended
to emphasize the different characteristics for the precipitation, not merely energy differences, and each

population includes a spectrum of energies.

Accordingly, some latitude spreading and overlapping of the

regions should be read into the diagram, particularly since it represents an average over all degrees of

disturbance.

4. PRECIPITATION CHARACTERISTICS

In each of the three principal regions identified in Figure 14 one finds, in general, a rather

distinctive type of precipitation.

The distinguishing characteristics are summarized in Table 1. Insofar

as possible, these are generalized characteristics and are not limited to only one observable parameter.
Two of the categories have already been described by Hartz and Brice (4), while some aspects of the third
qust still be considered as rather tentative at this stage and are designated as such with parentheses.
Obviously, these characteristics of the precipitation must be taken in a relative rather than an absolute

sense.

Generally speaking the foregoing pattern depicts the electron precipitation; the proton precipitation
18 not as well defined, though the existing data would indicate a general similarity except that in the
afternoon and evening portion of the oval they appear at slightly lower latitudes (see Figures 1.5 and 10),

Table 1 Precipitation Zone Characteristics

Noon Peak

*

Night Peak
A

Morning Peak
o

Continuous or quasi
continuous

Widespread, some fine
structure

Stable, fine structure
changes

(Not subsctorm associated)

Flux not Kp dependent

Lat{tude shift with Kp

(No time shift with Kp)

Peaked spectrum,
principal flux » few

tenths keV

Main ifonization in
F region

(Maximum in summer)

Sporadic, abrupt onset
Localized

Rapidly changing,
impulsive

Substorm arsociated

Flux Kp dependent

Latitude shift with Kp

No time shift with Kp

Steep spectrum,
principal flux few

keV

Main {onization in
E region

Max{mum at equinoxes

Long duration, gradual
onset

Widespread, little
structure

Quasi stable, slew changes
plur quasi-periodic
modulation

Substorm assoclated

Flux Kp dependent

No latitude shift with Kp

Time shift with Kp

Fairly flat spectrum,
principal flux ~ few

tens keV

Main {onization in
D region

(Minimum {n summer)
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It would be overstating the case to claim that all portions of Figure !-4 are equally well determinad.
The sections of the auroral oval between about 6 and 9 hours and berween about 15 and 18 hours are still
rather uncertain. Some data show gaps here, others seem to shuw some confusion of phenomena which probably
depends on the degree of disturbance., Eather and Mende (11) shuw these portions with question marks, as
indicated here in Figure 1-5 for electrons and Figure i-6 for protons. Lassen (30) and Mishin et al (26)
have suggested that the oval is not continuous through these time intervals. They suggest that the auroral
data are better represented by two horsze-shoe-shaped zones that do not overlap -- a high-latitude 2zone for
the dayside and a lower-latitude one at night. The more recent data from aircraft flights and the preliminary
auroral survey data f:om the ISIS-IT satellite (31) would seem to support the oval configuration, but
possibly with some d.scontinuities. In any case more observations should resolve this problem, as well as
clarify the dependerce of the aurora and F-regiun phenomena oa the low-energy tail of the drizzle precipita-
tion on the dayside.

5. PRECIPITATION AND IONIZATION EFFECTS

In the light of the foregoing gross statistical pattern with the indicated characteristics for the
precipitetion, one may ask the questinn, what significance dnes this have as far as radio propagation is
concerned? Some of the answers may be found by looking at the interrelation between various phenomena in
the different portions of Figure 14, by trying to relate these to magnetospheric processes, by looking at
the sequence of events for particular intervals such as sub-storms and storms, and by looking at some of
the distributional details in certain of the ionization data.

In Figure 14 the Inner zone follows the auroral oval of Feldstein, and while his data did not show
these same diurnal maxima, it 1s well known that the mcst active auroral features appear near midnipht.
This particular region occurs at the feet of the field lines that are located at or very near the boundary
between the 'open' and 'closed' field lines in the magnetospheric tail and is associated with the plasma
sheet and with the substorm processes that criginate there. It is also apparent that the outer zone in the
figure is not represented in the conventlonal or all-sky camera auroral statistics, though there is good
reason to believe that the mantle aurora identified by Sandford (32) is meaningful here. This 'drizzle'
precipitation is at about a constant geomagnetic latitude and undoubtedly {8 of more energetic (5 4C keV)
electrons that car lead to D-region phenomena such as auroral absorption. The diurnal maximum falls in the
forenoon hours at a latitude that is associated with magnetic field lines which lie deep in the trapped
particle zones. Accordingly, it seems clear that this morning peak must coustitute the principal sink for
the outer Van Allen radiation belt.

The noon maximum can be associated directly with magnetosheath particles that have entered the
magnetosphere through the polar cusp rzgion or neutral field point. The particle energies corraspond with
those of the magnetosheath and the influx appears to be more or less continuous. In Figure 1.7 are sh>wm
data from the soft particle spectrometer on ISIS-I obtained on a trans-polar pass going from the dayside
tc the nightside of the magnetosphere. The electron energy #nd number flux are displayed as a function of
latitude, and in the lower frame are shown the radio noise data obtainel at the same time at a frequency of
200 kHz (23). The intense electron flux at an energv of about 200 eV and the corresponding high noise
levels can be seen in the region of the poler cusp. 1In the pola:r cap the influx is quite low, with the
occasional sporadic burst. On the night side the f.ux is more iniense and again sporadic, with a trend
toward higher energies. This difagram exemplifies some of the gereral characteristics already described for
the high-latitude precipitation.

Figure 1 X shows data from another trans-polar pass of the ISIS-I satellite, obtained under high K
conditions. Again the electron flux and the noise emissions are shown; also shown 1is the electron density
near the satellite, normalized to remove the variation with satelllite height, and a measure of the electron-
density fine structure or 'spread'. Note that the maximum electron density and maximum fine structure do
not correspond with the particle influx but seem to be shifted several degrees toward higher latitude. It
appears that the electron influx penetrates to the ionospheric F region where ionization is produced, and
then {s redistributed. The {onization transport is mainly upward along the field 1lines, though some
movement to higher latitudes may also take place as suggested in Figure 1. At the satellite height (in
this case *1500 km) this upward flux of thermal innization appears very structured.

Unfortunately, deta’led studies of this nature have not yet been carried out at all times of the day
and for all disturbance conditions. The preliminary observations of Gurnett and Frank (25) in the evening
hours would seem to indicate that the upward flow of jonospheric elactrons is on the low-latitude side of
the energetic electron influx {n that time sector. Further studies are obviously required, and much more
study 18 required of the assocfated transport and fonization-redistribucion pvocesses {n the F region.
These requirements are not easily met; the top-side ionosonde data are difficult to interpret in terms of
fonization transport since they give electron density profiles or the gross distribution of ionization

during the satellite transit, ss exemplified by Figure 110 for the afternoon hours (33). Statistica!?
treatinents of such results tend to show several outstanding features; the polar peak near midday and the
mid-latitude trough at night, as iliustrated in Figure |11 (27). Such gross features, to the extent that

they represent abnormal fonization levels and gradients, will affect radio wave propagation in those regions;
the former apparently i{s associated with the midday precipitation, while the latter represents depletion of
fonization, presumably by transport into the maunetosphere.

On a smaller scale, electron density irregularities or 'spread' have been studied by various people.
Petrie's work on the top-side {onosphere for low K conditions showed that the maximum occurrence region at
a height «f 1000 Km corresponded faisly well with Bhe auroral oval, as {llustrated in Figure 1.1} (34).

His findings have been extended by other workers (35), (3¢), (37), and the results would indicate that the
high-latitude ionosphere, i{.e., above about 55° geomagnetic, is very {rregular a high percentage of the time,
and shows scale sizes that range from ~1 Km to »100 Km. The irregularities appear to be field aligned and
can be described in terms of sheets or cylindrical ducts that are quite elongated, often extending from

the F region up to satellite heights of several .housand kilometers. DNuring the daytime the {rregularities
generally occur more frequently above the F-region peak than below ft. At 1000 Km tho distribution of the
most {ntense spread 18 more restricted in latitude than near the F-region peak and appears to agree fairly
well with the electron precipitation region, though some preliminary results would suggest a displacement of
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several degrees, toward higher latitude in the day sector, and toward lower latitudes in the evening.
Unfortunately the detailed studies of ionization transport associated with such irregularities are still
very inadequate at all heights in the ionosphere. The scintillation results are, of course, relevant in
this context, though there are problems in sorting out effects occurring ovrr an extended height range in
those data. The polar wind studies of Banks and Holzer (38), and others, are also very pertinent, as are
the observations of Timleck and Nelms (39) of very low electron densities at times in the polar topside
ionosphere.

As far as F-region effects are concerned the statistical data are less satisfactory. The sporadic-E
phenomena in ionosonde data are not sufficiently homogeneous or extensive to provide a good synoptic pattern,
though the average diurnal distribution at auroral latitudes has been determined for some types as shown
in Pigure 1-13. Here the auroral sporadic E is shown in the upper frame, and in the lower frame, the low-
altitude, diffuse sporadic E (40). The latter data are probably more dependent on the drizzle particle
influx, with perhans some influence from direct solar radiation, while the former apparently depend on the
splash particle precipitation. Somewhat similar results have been obtaiied in the case of VHF radio aurora;
here in Figure 1-14 are shown the distribution of type A, data obtained by Vogan (41) as representative of
the ionization irregularities in the E region associated“with the sporadic particle influx or splashes. The
more diffuse A, type of radio aurora have an occurrence pattern that seems to follow the drizzle precipitation,
as shown in Figure 1-15.

A serious impediment to the compilation of extensive statistics on E- and F-region ionization effects
on radio propagation has been the lack of suitable criteria for intercomparing data teken at different
locations under conditions of different observability factors, such as aspect angle, observing frequency,
and equipment sensitivity. The height distribution for the irregularities has not been too well established
as a consequence. The auroral sporadi: E and many of the radio auroral results have been associated with
ionization irregularities at a height of about 110 km, though in the latter data this may not represent a
reliable observation in every case. There seems little doubt, however, that the splash precipitation produces
irregularities principally in the E region, i.e., between 90 and 150 Km. The ionization irregularities
observed below this height tend to be more continuous in character and can be used for fonospheric scatter
communications in consequence (42). They apparently are ase-_lated with turbulence in the D and lower
E regions and with the more energetic particle influx at che high latitudes.

Radio wave absorption effects occur mainly in the D-region, and are principally associated with the
drizzle zone, as shown in Figure I-16 (43). However, the very intense nighttime splashes also show increased
absorption ef ects;, these tend to be much more short-lived, though the peak absorption in such events may
exceed that in the forenoon hours. The other main absorption type is the polar-cap absorption (PCA) which’
follows certain large solar flares (44). The particles responsible are mainly protons with energies of the
order of about 10 MeV; these precipitate more or less uniformly over the polar cap and penetrate down to
the D region, producing only very minor effects at greater height. The resulting ionization is dependent
on ion-chemical processes so that the free elettron population, and hence the observed absorption, is
controlled by direct solar illumination that can dissociate negative ions. Accordingly the sunlit D region
produces much more absorption during a PCA event than does the nighttime D region. The typical PCA event
has a duration of several days, during which the absorption rises rapidly to a maximum then slowly decays,
with a diurnal or sunlight mcdulation superimposed. The lower-latitude 1limit for PCA is approximately
that of the auroral zone, but this limit may move equatorward when a strong geomagnetic storm st-rts during
the course of a PCA.

Ionization irregularities are not a very prominent feature of the D region, though short-term structure
is observed on the energetic particle influx, and in the associated X-ray data. The A, radio aurora
apparently indicates D-region structures, and some irregularities observed with lonosogdea and designated
as sporadic E may also extend into the D region, but for most propagation applications absorption is the
main effect introduced by the ionization in this height region.

Regarding the interrelation betwern events in the different zones shown in Figure 14, the sequentiai
pattern is by no means completely determined. It appears that the noon precipitation is a fairly constant
phenomenon with some modulation in number flux or energy flux, depending on solar-wind conditions.

Apparently the magnetosphere is fed by magnetcsheath materfal through the polar cusp region a high percentage
of the time, so that this would seem to be the source of much of the F-region fonization and the fonization
irregularities at this time of day.

The nighttime splash precipitation is a direct result of substorm generation in the magnetospheric
tail and in the so-called plasma sheet ir the tafl. The particles precipitate directly into the nighttime
ionosphere producing the various sporadic or short-lived effects. At the same time it appears that some
portion of the precipitation goes into the trapped radiation belts and the drizzle zone shows a build up
and decay of activity on a time scale rather longer than that of the substorm; these effects apparently
occur at all longitudes to some extent but are most prominent in the late morning sector. Figure I-17 shows
the averagc absorption in the morning drizzle zone relative to the substorm commencement time, and also a
control curve showing the average morning absorption in the absence of substorms (45). These res.!ts show
that the events in the drizzle zorie are sequentially related to the substorms and the splash eve1: -,

6. CONCLUDING REMARKS

This paper has outlined the general precipitation pattern for auroral particles at high lat{tudeas.
The earlier pattern identified by Hartz and Brice has been revised somewhat using mcre extensive and more
recent observations on a variety of aurorally-related phenomena. These additional data indicate that the
midday portion of the auroral oval has properties distinctly different from the night portion, sc that a
three-zoned pattern would seem required to describe the auroral particles. The splash zone is mainly
associated with the nighttime hours; it involves short term processes that are generally described as
substorms, is located in or near the boundary between the open and closed field linas in the magnetospheric
tail, and presumably is fed from the so-called plasma sheet and/or the immediately adjacent tail regions.
The drizzle zone is mainly a morning or forenoon feature, though it may extend to other hours of the day; it
appears to involve a later stage in the substorm, is associated with the trapped zone of particles in the
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magnetosphere, and apparently constitutes the sink for such particles. The third zone is a daytime feature;
it appears to be continuous or quasi-continuous in time rather than substorm related, and apparently
represents the direct entry of soler wind (i.e. magnetosheath) plasma through the maguetospheric cusp regions.

It must be emphasized that the process of identifving these distinctive ref 18 has smoothed out a
lot of detail that was inherent in the original data. 1iie emphasis has been placed on the dominant or most
outstanding characteristics in each instance, so that the regions where the different zones overlap, or
where two different phenomena occur simultaneously, are not represented too reliably and the final pattern
is therefore somewhat idealized. Nevertheless, it should serve as a useful guide in sorting out the various
effects of the high-latitude particle influx.

As already indicated, the three diff..ent zones have been identified with different probable source
regions in the magnetosphere, though there is not yet agreement as to all the magnetospheric features. They
also tend to be identified with ionization effects in three different height regions in the icnosphere, the
D, E, and F regions, though the demarcation 1s not always clear cut.

The response of the F region to the soft particle influx i3 rather involved. There is a general
increase in the ionization density, so that in a statistical sense this is a sigaificant source of ionization
for the high-latitude ionosphere. However, the increased ionization is accompanied by ionfzation
redistribution, which depends on additional factors such as electron temperature, eloctric fields, and
magnetospheric convection. As a consequence, the F region and most of the top-side ionosphere, extending to
great heights, is characterized by ionization irregularities that are aligned with the geomagnetic field.
Statistically the zone of maximum irregularity in the topside ionosphere seems to coincide with, or to be
only slightly separated from the zone of particle influx.

The E-region effects seem to follow the substorm-induced nighttime splashes fairly well, though the
continuity to the day side is not firmly established. This height region can support significant electric
currents, or auroral electrojets, leading to distinctive magnetic effects. However, ionization
redistribution is not a major factor, as it is in the F region, rather the {onization irregularities
appear to be related to the scale of the particle splashes and to such in-situ processes as turbulence, plasma
instabilities, and winds.

The D-region effects are associated with the most energetic components of the auroral particle influx;
at night this 1s in short-lived sporadic events while in the late morning this is a much longer-lived influx
or drizzle. This height region is also rthe only one that appears to be appreciably affected by PCA particles,
though for that phenomenon the whole of the polar cap seems to show absorption effects that depend
quantitatively on solar illumination and on ion~chemical processes. lon chemistry probably also plays
gome role in auroral absorption, but the effects are much less obvious. Ionization iv.=2gularities also
seer. to be less important at these heights.

The radio propagation effects that are most relevant in the F reglon are refraction and scattering, in
the E region, scattering and in the D region, absorptiun.

Finally, it is instructive to relate the foregolng to geographic coordinu.2s. The general precipitation
pattern for auroral particles illustrated in Figure |4 1is to be thought of as fixed In space with the
earth rotating beneath it. An observer in the polar regions will then see different effects according to
his location and local time. Figure 1-18 shows this situation for the northern hemisphere for one time of
day, namely for midnight over central Europe. The geographic regions where the various precipitation effects
are expected have been indicated; the situation for any other time of day can be obtained by a relative
rotation of the overlay on the map. It must be re-emphasized that this is an average picture, representative
of all degrees of disturbance, and that the pattern for any particular time may depart significantly from {t.
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Fig.1-1 Schematic representation of upper-atmospheric processes resulting from the influx of energetic
charged particles.,
-L../\'ffv
12 The locatfon of the Auroral Zone in the northern hemisphere. The zone maximum, marked by the
most intense shading, corresponds to regione where auroras are observed on more than 90% of the
nights, the edges of the shaded region mark the half-maximum contour. (After Feldstein (1))
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Fig.1-3 The percentage occurrence of zenithal aurora in all-sky-camera records, plotted as a function

of geomagnetic latitude and geomagnetic local time. (After Feldstein (3))

g 14 An i{dealized representation of the three-zoned auroral-particle precipitation pattern, plotted
as a function of geomagnetic latitude and geomagnetic local time. The average flux {s
indicated very cpproximately by the density of symbols. The splash type of precipitation is
represented by the triangles, the drizzle type by the dots, and the quasi-continuous inflow at
midday by the stars. F
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g 18 Intercomparison of data from the 1S1S-1 satellite taken on Februarv 3, 1969; elactron data

from the Soft Particle Spectrometer (courtesy of W.J. Helkkila and J.D. Winningham), radio
noise Intensitv at 200 kHz, the relative electron density at the satellite normalized to
remove varfations due to changes {n hefght, and a measure of the {rregularity of the local
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Fig.1-11 Distribution, in geomagnetic latitude and geomagnetic local time, of the average electron

density in autumn for geomagnetically quiet intervals at a height of 950 Km. (After
Nishida (27))
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Fig.1-12 Distribi.i.n, in geomagnetic latitude and local time, of the maximum frequency range for the

srread echoes observed with Alouette 1 at 1000 Km hefght, for Kp S (After Petrie (14))
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The diurnal variation in the percentage occurrence of

(a) auroral sporadic-E echoes extending beyond 7 MHz on ionosonde records, averaged for the
Pt. Barrow, Churchill and Ft. Chimo stations. (Courtesy of E.L. Hagg and D. Muldrew)

(b) low-altitude, diffuse sporadic E at Narssarssuak. (From Oleson and Wright (40))

Percentage occurrence of A, radio aurora, plotted as a function of geomagnetic latitude and
geomagnetic local time at the mid point of the propagation circuit. (Courtesy of E.L. Vogan)
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Fig.1-15 Percentage occurrence of A, radio

aurora, plotted as a function of geomagnetic latitude and
geomagnetic local time at ghe mid

point of the propagation path. (Courtesy of E.L,. Vogan)

g 116 Percentage of the time that auroral absorption of 1.0 db or more occuired at 30 MHz, plotted
as a function of geomagnetic lat{tude and geomagnetic local time.

3
(After Hartz et al (43)) |
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Comparison of average riometer absorption in the forenoon hours (at Kiruna) (a) associated
with substorms identified in the night hours (at Churchill), and (b) for control times that

were taken to be the same zero time on the day preceding each of the substorms included in (a).
(after Jelly and Brice (45))

Relative location of particle precipitation pattern in geographic coordinates for one tine of
day, namely local midnight for Central Europe.
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ON MODELLING THE ARCTIC IONOSPHERE

G,J, Gassmann
USAF Cambridge Research Laboratories
Bedford, Mass., 01730, USA

SUMMARY

The discovery of the auroral oval and the subsequently developed concepts of particle precipitetion
have provided new ordering schemes for arctic ionospheric data, The re-ordering of tabulated past data,
mostly from the [GY, has already brought to light a number of arctic features which in former statistical
treatments were barely apparent or completely smeared out, Those features are: the absorption zone, the
belts of Eg, the F-layer polar ring and the main trough. The dependences of these features on the para-
meters UT, Season, Sunspot number and Kp are now to a varying degree established,

Besides these more or less statistical aata recent airborne and satellite measurements have provided
a number of cross-sections from which parts of the arctic ionosphere can be described in individual quasi-
instantaneous pictures., Those three-dimensional electron density profiles show the true shapes oi those
features mentioned and others, in particular the frequent occurrence of steep tilts against the horizontal,
Comparison of equivalent data from different times shows lavge variations which explain why data averaging
may completelydmcur many ionospheric features which are important to HF and VHF propagation. This fact
also demonstrates that average propagation conditions cannot be derived from average ionospheric conditions,
One important new parameter which appears to control many features is the substorm-time and some pertinent
correlations have already been established,

It appears that the prediction of the arctic ionosphere in the manner and with the accuracy as it is
being accomplished for moderate latitudes is not yet possible. However, from the already established
general patterns it seems feasible to provide an hourly updated and fairly accurate description by real-
time processing of data from a few observing stations, A number of suitable observing techniques have
emerged,

1. INTRODUCTION

The special nature of the arctic ionosphere had been suspected since the early days of radio when
transmissions across the North Pole were accomplished even during the arctic winter., Within the last 22
years vertical soundings from ice-islands and airborne soundings have shown that even during long lasting
absence of solar illumination an ionospheric F-layer exists, often accompanied by an E- and a D-layer., One
feature was always recognized, the very high variability of the arctic ionosphere, its seemingly complex
nature and its sporadic behavior defying prediction. Systematic invest‘gations although conducted at times
intensely by various groups, were always hampered by the scarcity of observing stations, The efforts to
establish the morphology of the arctic {onosphere, to understand it or to predict it were in general un-
successful, Even with the advent of satellites this situation started to improve only very slowly, 1In
retrospect, this was due to the satellites main handicap, namely its orbit's confinement to particular
local times. The roal breakthrough came from systematic ground observations of the visible aurora during
the IGY and the subsequent development of the concept of the "auroral oval" by Russian scientists. This
concept inspired a whole series of re-examinations of old data and of new observations, Suddenly a new
ordering scheme for arctic data was available and has since proven its high usefulness in interpreting
both satellite and ground based observations, New aircraft flights carrying ionospheric sounding and
optical equipment and operating in the arctic under the guiding concept of the auroral oval produced a
number of new insights of fundamental importance, The time has now arrived that one can start to arrange
all known information on the arctic ionosphere, although still fragmentary, into a cohesive and consistent
picture, This can serve as a realistic model for assessing HF and radar propagation conditions in the
Arctic. At the same time such a model could serve as a workiig concept for further research,

2. THE CONCEPTS USED IN DATA ANALYSIS

The most useful concept for ordering arctic observations has been that of the "Auroral Oval'
(Feldstein and Starkov, 1967), Although its present definition might be modified and improved during
the coming years this concept has brought a h degree of order into past optical and ionospheric data
and has inspired systematic new observations. Gone is now the "auroral zone' and gone are now the
"spirals” along which the aurora, sporadic E and other phenomena supposedly occurred. Instead, those 4
phenomena can now be described as fixed patterns in a map-like display using the horizontal coordinates 3
CGL/CGT (Corrected geomagnetic latitude/corrected geomagnetic time) after Hultquist (1958) and Hakura (19465), y
The coordinate systems orientation is fixed with the sun, while the earth rotates relatively to it. At
present this coordinate system, in which the original Feldstein oval concept is defined, appears satis-
factory and sufficiently precise. There exists improvements and adjustments on the corrected geomagnetic
coovdinate system by Gustafsson (1970); and there is also the "invariant latitude". Those above differ
from the original CCL/CGT system by not more than onc degree in some locations and therefore may also be
used for describing arctic phenomera, in view of the limited accuracy presently achievable. The problem
which geomagnetic coordinate {s most appropriate for describing arctic atmospheric phenomena will arise
when the observations become more sophisticated with respect to absolute location., A:Z present, we continue
to use the original CGL/CGT coordinate system as tabulated by Hakura (1965), especially since the various
auroral ovals in dependence of the parameter Q have been defined in this coordinate system. Details of
these facts have been reviewed in connection with the auroral oval plotter and nomograph by Whalen (1970 a),

The shape of the auroral oval is related to the geomagnetic activity and has been defined by Feldstein
and Starkov (1967) as a function of the parameter Q. Thelir definition of Q although following that of
Bartels is specially tailored, The value uf Q for a particular (15 minute) time interval had been derived
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from those magnetograms taken at locations which happened to be situated (at a particular UT) in the night
sector of the auroral oval, that is near magnetic midnight +3 hours and at corrected geomagnetic latitudes
from 63° to 72°. Since the value of Q, so defined, is not readily available we have tentatively sub-
stituted the value of Kp and found this a useful procedure to relate experimental data to one of Feldstein's
ovals. It s likely that eventually the parameters Q or Kp for the purpose of defining arctic atmospheric
phenomena will be abandoned in favor of paramcters such as the solar wind vector and the tilt angle of the

earth's magnetic axis,

One other important phenomenon for ordering arctic observations is now the "substorm" and this requives
the introduction of "substorm time". This implies a determination of the time zero when a substorm starts
and involves the subsequent accounting of time in minutes for a period of about two hours, Although a
wealth of information as to the visual phenomena and their correlation to processes in the magnetosphere
is known (Akasofu, 1968), the morprology of ionospheric features during substorms has only recently begun

to emerge.

A certain amount of data ordering has been and will be achieved from the assumption that some arctic
and antarctic effects are magnetically conjugate. However, care is reauired in the meaning of conjugacy.
Although cases of simultaneous conjugacy ot auroral arcs have been confirmed, most other conjugacies do
not occur simultaneously; that means the phenomena are symmetrical in magnetic coordinates but unsymmetrical
in time. It is for example known (and indeed not surprising) that in the Arctic and Antarctic similar
patterns occur at UT - hours ! day apart and in months ! year apart (Pike, 1971 a),

4 3. THE PLAN FOR AN ARCTIC IONOSPHERE MODEL

a. The meaning of the word model in this context is to serve the purposes of operational long range !
| radio and radar circuits. The model in this definition does not include minute details of high spatial 1
: resolution, which are beyond potential predirtability,

The model should be a dynamic model in that it should specify all variations in time and space which
hepefully may be identifyable and potentially predictable, These aims for a dynamic model and the 4
particular conditions in the Arctic lead to the term "quasi-instantaneous model" as a building block. 1In a
view of the great variability of the arctic ionosphere it is clear from the beginning that any averaging
which smoothes out large-scale irregularities (associated with largce tilts against the horizontal) uust be
avoided. This is so even for the case that only average propagation conditi ms shall be derived from the
model, say for example for the design of a communication or HF radar system. This follows from the nature
of ionospheric radio propagation in which the statistics of the propagation conditions have a complex and 4
very non-linear relation to the statistics of the ionosphere, Consequently, an averaged ionosphere does g
not allow to compute the average propagation conditions. For this and all other cases, where an assessment
or a computation of the propagation conditions is required an instantaneous picture of the arctic ionosphere
is desirable,

Modelling of the arctic ionosphere must therefore strive to provide snapshots as close to reality as
to avoid a damaging smear effect, In practice, this requirement for a "quasi~-instantaneous model” implies
that its variations and statistics must be built-in, Such model can describe one instant +10 minutes
(shorter periods might have to be considered) and should contain rhe essentials for long-range propagatioen,
Its spatial resolution in the horizontal plane aims for an absolute acruracy of +100 km in CGL/CGT coordi-
nates. Higher relative accuracy to a particular reference point (see anchor points below) can be achieved
1f desired. Thus the modelling of the arctic ionosphere will consist of a varicty of individual "quasi- i
instantaneous models" specified below, The said variety will contain the statistical behavior. 3

e

b. Characteristics to be specified:

(1) Plasma frequency in Miz,

(2) Absorption in dBJﬂuz,

(3) Sporadic E in fEg (Miz),

(4) Small scale irregularities, non-deterministic, causing scatter, units to be decided on.

Most of the above will be specified in two separate parts, Onc part which originates trom the presence
of solar radiation, if any, will be specified in geographical coordinates versus UT (see d. (1) below). The
other part originating from the specific processes in the Arctic will be speciti~d in CGL/CGT coordinates.
Transformation from one coordinate system to the other and vice versa is being preparcd as a computer program, ?
The two parts above are defined in such a way that their combined effect car be computed in a simple manner, ;
In case of the E-layer (in which the recombination rate goes linear with the square of the electron densities)
the resulting total equilibrium electron density will be the square root of the sum of the two electron
densities squared. 1In case of the F-layer above 250 km where the recombination rate goes lincar with the
electron density the two electron densities will be simply added,

c. Coordinates (and desirable incremental ranges):
(1) CCL (Corrected geomagnetic iatitude) trom 60° to 90 continuous
(2) Height from 0 to 1000 km continuous
(3) CGT (Corrected geomagnetic time) from 00 to 24 in 2 hour increments
Number of Increments: 12

d, Controlling parameters (and desirable incremental ranges):

(1) UT for specifying so ar controlled part:

from 00 to 24 in 1 hour increments (24)
(2) UT for specifying arctic part:
(00-12) and (12-24), Number of Tncrements: 2

) " i b i
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Kp:

0-2%) (3--4%) (5--7%) (8--sh), Number of Increments: 2
(4) Sunspot Number:

(0-80) (80-150) (150-200), Number of Increments: 3
(5) Season:

(Nov Dec Jan Feb) (Mar Apr Sep Oct) (May Jun Jul Aug) Number of Increments: 3
(6) Substorm Time:

(0-20) (20-40) (40-60) (60-80) Minutes Nuimber of Increments: 4
(7) others, effect not yet identified (siderial time, solar wind

speed, interplanetary magnetic field vector, etc.) Number of Increments: ?

e, Model Diversification:

Omitting the last item d, (7) above the number of desirable two-dimensional vertical profiles
(presenting one or more characteristics (see l.) versus CGL and height) will be 3,460 or larger, assuming
that the variation due to parameter d. (1) will be defined separately as a routine modification (24 fold)
to the 3,460 profiles., With this 24 fold modification the end product of this model will consist of 82,800
individual meridional cross-sections across the magnetic pole.

In contrast to this desirable variety, the material presently evaluated for the model {s less diver-
sified, In the presently existing fragments of the model a number of parameter ranges are lumped together,

f. Error Marks:

(1) Uncertainty (limits of confidence) of ecach part of the model due to insufficient statistics,
bias, etc. should be expressed by + marks, MHz values for example by +%, magnetic latitude values by +
degrees. Although at present wide limits of confidence must be attached to some model features it it
important to state that the actudl deviations show a high spatial correlation along constant CGL for all
CGTs. This becomes important for real-time specification using anchor points (see below).

(2) Fluctuations, usually occurring within 20 minutes about the model due to unidentifiable and
rdndom causes should be expressed as RMS value. Those fluctuations occur in cells of all sizes, most
notorious are those of mediun scale having linear dimensions of up to 1000 km,

1f numerical error marks for either (1) or (2) or both cannot be given, an estimate of the accuracy and
the statistical significance of each statement defining part of the ‘model should be added as verbal addendum.

(3) Anchor points, The possibility to reduce the uncertaiuty under (1) by defining one or more
anchor points within the synoptic maps at which tne uncertainty would be zero will be considered. This
could be achieved by real-time measurements from monitor stations. In this case the uncertainty at points
removed from the anchor points will be greatly reduced, The feasibility of monitoring certain features of
the arctic ionosphere has been demonstrated in a variety of cases,

4. METHO' OLOGY

Jhe basic sitwation in producing an arctic lonosphere model [s that the i{nformation avallaocle i{s of a
large variety; each item being fragmentary in ftself §s however interrelated to others. Besides jonospheric
vertlcal soundings there are obligue and backscatter soundings, topside soundings, riometer amd scintilla-
tion records, optical emission recordings In the visible and IH range, spectrum-, [lux- and pltch angle -
measurements of precipitating or trapped particles, rocket observatlons, magnetometey recordings on ground
and {n rockets and satellites, ote,

In this situation a word on statistical data evaluatiun is in order, The essential characteristic of
the model we aim for is to use terms of description which are as deterministic as possible. 1If a statis-
tical description of some parameter dependencies must be substituted because of lack of better information
then it will be most useful i{f the quasi-instantaneous cross-sections (acc, to 2, e, totaling 3460) be
grouped into a number of types, This ;rocedure allows a description of the statistical distribution of
those types and prevents a smear out of the physical features, The data evaluation must therefore proceed
by identifying the correlations of the various dependencies and by trying to arrive at information from 4
which quasi-instantaneous pictures or models can be dassembled. Without establishing the various cross- 1
correlations the statistics of .ingle characteristic values, such as for2 at one location, are not useful,
The completed model, of course, will show certain statistics of its own; but those will be statistics of A
more complex features such as the location and steepness or the "plasma ring" (see under 5.), Accordingly, i
any trend analysis of data from a single station or satellite is often meaningless in the Arctic; instead, 4
trend analysis must be applicd to features of higher complexity and must therefore be preceeded by a data 1
analysis designed to derive the behavior of the said feature,

The necessity to assemble single quasi-instantaneous models (being the building blocks of the whole
model) from fragments of information makes it mandatory to utilize inference as much as possible, even up
to the point of speculation. Information on electron density, the basic characteristic of the model, can
indeed be inferred from satellite data, optical data and from otlier types of data with a varying level of
confidence. Almost none of the inferences is completely sefe since part of the necessary information is
usually missing., For example, for precipitation flux data either the spectrum or the pitch angle distri-
bution may be poorly known; in case of air glow data the height distribution of the emission {s often known
only with a wide margin of uncertainty. Thus, the assembly of che model is a trieal and error method {n
which progress is measured {n terms of internal consistency.




5. NARRATIVE OF MODEL INGREDIENTS
a, Sporadic E

The presence of a certain type of Eg, often classified as Lkga, in close correlation with the
occurrence of discrete auroral arcs had been noticed for wmany years, Airborne investigations have
shown that Ega occurs in the form of a narrow band stretching approximately east-west; its latitude
of occurrence is indeed close to the location of a discrete arc; however, in the case of a moving arc
the spatial correlation is best, almost one, with a8 latitude where the auroral arc spent most of its
time during the preceeding 20 minutes. The height of occurrence is from 110 to 140 km. Oblique
Ega-traces occur on arctic ionograms up to virtual heights of several hundred km, This indicates a
backscatter mechanism from irregularities and excludes a wind-shear-produced horizontal discontinuity
which would not allow backscattering other than in the vertical direction.

The statistics of occurrence have been extracted from IGY data and were correlated with
those of the visible aurora as documented in Feldstein's ovals (Pittenger et al., 1971). For tnis
purpose the published Eg - data were replotted in CGL/CGT coordinates, whenever possible, and re-
sulted in a variety of patterns depending on magnetic activity, An example is shown in Figure 1
whichk shows the occurrence of Es for moderate magnetic activity and for two threshold values of fEg.
The patterns, besides following cdlosely the vhape of the Feldstein oval (for Q=3) shows, in addirion,
a large enhancement of occurrence in the sector from 19 to Ol CGT. It is known that most suroral E
sub-storms commence in that sector.

b. Night E i

This type of E-layer, classified as Eaq and also observed as such for manyv years, has now
been shown to have a Jistinct correlation to the auroral oval. This statement resulted solely from
airbor.ie measurements and was first obtained in the noon sector (Whalen et al,, 1971). Thc measure-
ments now have been extended to other sectors (see Wagner and Pike in this Volume), Figure 2 shows
the extent of occurrerce of Ea for moderate magnetic activity and the spatial relation to the auroral
oval. The statement on its probability of occurrence is still of a statistical nature as in that of
the oval (75% of time), This layer has a regular critical frequency which during the arctic winter
ranges between 2 and 3 MHz. During sunlit periods it shows up as a small enhancement (0.3 MHz) of
the regular sola: produced E-layer, 7Its height h'Ez is between 120 and 140 km. At its northern
edge the night E-iayer terminates at a latitude where the airglow at 6300R has maximum intensity and
where visible discrete aurora and Eg appears most of the time, The night E-layer produces in iono-
grams most of the time a trace spread in frequency indicating that it is interspersed by irregularities.

c. HF-Absorption

The general pattern of HF absorption ls shown in Figure 2 as marked by D4 (>200 dB.Msz).
The value is for night conditions; it is normalized for 1 MHz by assuming a frequency dependence
1/£2, This assumption, although known to be only of approximate validity, is good enough at the
presently achievable accuracy. A number of details ~re known how this pattern may change with
season and in that part of the Arctic which is illuminated by the sun, The main sources for this
information are: Hook (1968), Zhulina (1969), Berkey et al., (1971) and Berkey priv, comm. (1971), :
The results of Gorbushina (1970) although of considerable interest are not yet included., 1t is also i
known that in the sector 19 to 01 CG very strong but short living bursts of absorption occur when
substorms are in progress, (marked Ds)., The information of substorm absorption morphology is con-
tained in the results by Fritz (1968), Hartz and Brice (1967), Berkey et al. (1971), Hargreaves (1969)
and Jelly (1969).

d. The F-layer

The arctic F-layer undergoes the largest known day to day variations of any layer, but the
controlling parameter * are poorly known so far, Nevertheless, the following important features have
now been firmly established. The data sources are from our own observations mostly by aircraft, and
the results from Sato and Colin (1969), Heikkila and Winningham (1971), Frank and Ackerson (1971),
Thomas and Andrews (1968), Petrie (1966) and Burch (1968). North of about 60° CGL is a sometimes
drastic decrease of ionization, the "trough", stretching east-west and noticeable most of the time,
This southern edge of the trough is assumed, for the purpose of the model, as being identical with
the northern edge of the plasmasphere (P in Figure 2). The position of the plasmapause is assumed
to follow that described by Carpenter (1966)., For the position and morphology of the trough our
observations have becn combined with the results by Muldrew (:965) and by Nishida (1967). The
northern edge of the trough is located at a latitude within the auroral oval, The electron density
contour lines have steep slopes at both edges of the trough and are such that they give rise to
oblique radio sounding reflections up to 60° off the vertical, 1In northerly direction the trough is
terminated by the presence of & riug of enhanced {onization ('plasma ring" or "irregularity zone",

F in Figure 2) which surrounds the magnetic pole and leaves a circular area of lower ionization
("polar cavity") (Pike, 1971b). The ring of enhanced ionization is heavily interspersed with
irregulerities. These produce a peculiar and long known type of "spread” on ionograms which allows
to infer that the spread is produced by backscatter of non-vertical rays from ficld aligned ¢olumns
embedded in the F-layer (Gassmann, 1957), Figure 3 shows the F-layer fcatures for two different Ul's
12 hours apart. There is a UT dependence of the arctic (and antarctic) F-layer which had already
been noticed from IGY data of the Antarctic (Pike, 1970) and which shows in the Arctic at 18:00 UT a
fully developed "plasma ring”, In the example shown .t has been attempted to ar ive at some state-
ment on both the uncertainty of the model and th: fluctuations about the model, This asses.ment,
indicated in the figure caption, appeare poor in czatent and meager in extent. Improvement however
is possible only after :ollection and analysis of a larger data bhasc,
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Pigure 4 shows a snapshot of the arctic ionosphere in the form of a vertical crous-section,
Although the same uncertainties and fluctuations apply as indicated above the general character of
the picture is genuine and typical. It shows the occurrence of large tilts of the refracting layers
against the horizontal, This fact together with the map of figure 3 makes it obvious that any detailed
assessmeut of YF and VHF wave propagation in the arctic cannot be accomplished without & versatile
three-dimensional ray tracing computer program,

6. REAL-TIME SPECIFICATION AND PREDICTIONS

Since not all contro'ling parameters have been identified which are associated with large observable
variations the arctic ionosphere cannot yet be predicted. Neither the particular size of the auroral
oval follows clearly from magnetic variations nor can other fluctuations be correlated clearly with pre-
cursors observable somewhere else. An easier task is the specification in real-time. The model under
cevelopment is to a great deal based on and tied to the nine sizes of auroral ovals for Q from 0 to 8 as
listed and plotted by Whalen, 1970. The ionosphere defined by the model is fixed as soon as the particular
reference auroral oval is known. This seems possible. It has been possible to identify by HF-backscatter
soundings the edges of the trough trom large distances. 1In addition the latitude of Eg could be determined
by oblique soundings from a distance up to 800 km, Several existing and new observatories including one
to be established by us at Goose Bay are available for this purpose., The latter station will include
Loran A recordings which have proven to be useful to determine the latitude of absorption., This station
will also facilitate the determination of anorher F-layer feature not yet mentioned, the scintillation
boundary (see .I, Aarons, this Volume). At this time it is not resolved why this boundary does not coincide
with the southern edge of the irregularity zone (see 5.d.). Thke location of the auroral electrojet, which
in the present model is assumed being identical to the leccation of discrete aurcral arcs can be inferred
from magnetometer stations arrange: in a chain, of which two exist in North America, Certain satellite
flux data and topside soundings are available frcm which the instantaneous latitude of the "plasma ring"
and of the "trough'" along a particular orbit can be cbtained. That it is hoped and assumed that the
entire arctic picture can be inferred from those few real-time observations, appears justified in view of
the high consistency of the model developed so far. The model does not yet deal with very disturted condi-
tions., It also has not yet been refined to include detailed behavior during substorms,
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Figure 3. Example of the arctic F-layer; for two UTs 12 hours apart; for winter, moderate magnetic
activity, Contour lines of median critical frequencies (MHz) are plotted in CGL/CGT coordi-

nates,

Present Uncertainty: MHz - value +307, latitude :3“ CGL however spatially correlated
in whole Arctic,

Non-deterministic Fluctuations; RMS 507 in large cells <1000 km,
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Figure 4, Fxample of a quasi-instanta,cous vertical profile of the arctic jonosphere {rom magnetic noon
to midnight; for winter, 06 UT, moderate magnetic activity., Contour lines of median plasma
frequencies are plotted ‘MHzY, Vertical hejght scale is 3 times horfzontal scale.
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THE POLAR EXOSPHERIC PLASMA
J.0. Thomas and A.D.R. Phelps

Physics Dept., Imperial College, London

SUMMARY

The main features of the spatial distribution of plasma in the earth's polar exosphere deduced from
satellite observations are described and related to recent measurements of incoming particles of magnetos-
pheric origin, particularly in the low energy range (v1000 eV). The topics covered briefly include: (1),
the termination of the terrestrial plasmasphere; (2), the identification and location of a ring or torus
of enhanced plasma density surrounding each pole, stationary with respect to the sun and under which the
earth rotates; (3), the geomagnetic control of the ionization with the recognition of paramount effects
occuring at certain universal times associated with the geometry of the geomagnetic axis - Earth-Sun line
system, and (4) the polar wind. Some cf the main physical processes contributing to both the relatively
static as well as the dynamic features of the overall structure of the polar plasma distributior are
introduced. 2

1. INTRODUCTICN

A large amount of data on the nature of the ionosphere at high latitudes has been ccllected from
ground-based stations in past decades. The great variability in the different parameters deduced, both
hourly and diurnally, has usually resulted in the presentation of the results in the form of averages,
often for individual stations 1:2:,3, - Sato and Rourke 4 have attempted to construct approximately instan-
taneous contours of electron density at a particular time over the polar cap. The poor spatial resolution
resulting from the limited number of stations in their network and the limited time resolution (usually
not better than 10 or 15 minutes) does not reveal the fine spatial and temporal structure of these regions.

In the last decade, however, satellite-borne instruments of both the probe and sounder type have
enabled a much more detailed study to be made of the polar exospheric plasma by prcviding a virtually
continuous record of the electron density variation along the track of the satellite. ‘the topside sounder
satellites Alouette I and II and nore recently Isis I and II have contributed a vast amount of useful infor-
mation, from which some of the main features of the polar exospheric plasma have been deduced.

2. MORPHOLOGY OF THE EARTH'S POLAR EXOSPHERIC PLASMA

The distribution of electrons along individual satellite tracks, derived at differert times have been
shown to be particularly important zid suggest that there is a characteristgc polar elec::on density distri-
bution along a satellite track at a particular angle to the earth-sun lire “, and this die2ribution is

tially independent of longitude i.e. of universal time. Therefore, there exists a polar plasme
distribution stationary with respect to the sun and under which the carth rotates.

Another important observation is of the presence of very large systematic spatial gradients cf elec-
tron density and of marked enhancements of ionizatjon confined within fairly narrow and well-defined
latitude and altitude limits. The most consistently observed feature at high latitudes is an abrupt
decrease in the electron density as measured at a particular altitude, by up to an order-of-magnitude or
more, in a horizontal north-south distance, sometimes, of less than 100 km. This is followed by a recovery
(sometimes very rapid) to larger values at higher latitudes. This effect has been noted independently in
a number of experiments and the feature has been termed the mid-latitude trough 6,

Thomas and Dufour '/ suggested that the trough was a demarcation between the solar and aurorally pro-
duced ionization and commented upon the possible association between the trough and the plasmapause, or
knee in the equatorial electron density profile at a geocentric distance of about 4 earth radii (Rg). In
view of the success of theories predicting protonospheric electron densities from the assumption that dif-
fusive equilibrium prevails along geomagnetic tubes of force 8, it appears reasonable that any association
would be via field lines.

Whistler measurements combined with topside sounding data were used by Rycroft and Thcmas 9 to examine
the link between the centrr. of the trough and the plasmapause. They used measurements on the nightside of
the earth and showed that for quiet magnetic conditions, the centre of the trough appeared to lie on the
same L-shell as the mid-point of the plasmapause. This work was extended by Thomas and Andrews and it
was suggested that it might be more meaningful in any attempt to correlate the plasmapause and trough posi-
tions to associate the mid-point of the low latitude "wall" of the trough with the centre of the plasma-
pause as observed in whistler data.

Although an exact 7Juantitative description of the overall polar morphology is nct possible for the
reasons given earlier, it is possible to state that there is in general a monotcnic decrease in the plasma
density at 1000 km altitude wit® increasing latitude, values ranging from a few times 10" electrons/cc at
mid-latitudes to ~10%/cc near the magnetic poles, with daytime values higher than night-time densities.
The decrease is however not regqular: there usualiy occurs a rather sudden fall-off especially during the
evening hours. Often an order-of-magnitude decrease occurs in a horizontal distance of 100 km. Even
during the day-time the densit; often falls to low values at latitudes rather lower than would be expected
on simple theory. Fig. 1 shows the densities encountered on a traversal of the northern polar region in
December 1962, together with F-p2ak densities expecied from a Chapman layer with a 10 MHz overhead-sun
critical frequency. While such theory is obviously i.adequate, it does illustrate that the densities did
not begin to rise for some twelve degrees of latitude after solar photo-ionization might be expected to
have been noticeable, and not for sometime after the whole ionosphere was sunlit. When it did occur, the
rise was very sudden as shown to the north of the frequently observed shoulder of ionizacion in the noon
sector labelled (1) in Fig. 1. The sudden rise is much steeper in slope than that of the Chapman curve
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and the whole picture is suggestive of a 'compression' or recmoval of the plasma at the highest latitudes.
Beyond the shoulder labelled (1) the density increases (arrow 2, Fig. 1) towards the equator though irregu-
larities exist. The plasmasphere ‘termination' is readily identifiable at night ard is often detectable

] as a 'ledge' or 'shoulder' in the ionization distribution during the day.

2 3. THE TERMINATION OF THE TERRESTIAL PLASMASPHERE

3

p The plasmasphere termination introduced in Section 2 is hLere discussed in more detail. Ir particular
f the position of the low latitude boundary of the main trough is described. From a real height-density

analysis of a sequence of topside ionograms, Thomas et al. 10 were able tc show the presence of the trough
simultaneously at all altitudes from the F layer peak up to the vehicle. Using ion traps Sharp 11 getected
the presence of the trough a* various heights in the F region from variations in the positive ion concentra-
tion. Using differential Faraday rotation measurements from the Beacon Satellite S-66, Liszka 12 has shown
the trough is present in total electron cortent measurements, confirming that the phenomenon is not simply

a redistribution of ionization.

It has been vointed out 10 that the spread nature of echoes on topside ionograms polewards of the mid-
latitude trough indicates that the ionosphe.e here is more disturbed than at low latitudes. Results from
the Alouette II topside sounder have shown that at altitudes of 2000 - 3000 km, there is a fall in electron
density at a latitude approximately equalling that of the F rejion main trough, but that polewards of this,
there is not the enhar-ement mentioned in Section 2 and described in more detail in Section 4.

As noted in Section 2, the positions of the plasmapaus: (projected back along a field line, specified
by a diurnally averaged geomagneti:- field model, from its equatorial plane position to an altitude of 300 km
in the northern polar region) do not quite coincide with the observed positions of the plasmasplere termina-
tion as measured in the iorosphere using Alouette I data. In fact on the dayside, the plasmapause lies at
a lower latitude than the low latitude wall of the trough whereas on the night-side the trough lies below
the plasmapause. This can be attributed, at least in part, to the compression of field lines by the solar
wind on the dayside bringing the plasmapause or ‘knee' to a smaller geocentric radius in the equatorial
3 plana while the compressed field line reaches the earth at a higher latitude than the diurnally-averaged
; field maps indicate ~. The re¢verse applies on the night-side. However, it is unlikely that the compres-
sion near 3.5 Re is large enough on the dayside to explain this effect. With increasi.g magnetic activity,
the plasmasphere termination occurs at a progressively lower latitude. The loral time sector involved
determines the precise position. A typical linear regression equation giving the position, A' in invariant
latitude of the foot of the low latitude side of the trough (i.e. plasmasphere termination A'P.T.) for the
10.00 lccal time sector reads °,

A p.r. - 62.09 - 1l.01 Kp

4 For K, = 0, Table 1 gives the position of the plasmasphere teimination near 1000 km. Its position for
i Kp = 3 in relation to the auroral zone is discussed in the next section.

The trough is narrower on the evening side than during the morning hours, the plasma termination
being particularly sharp during the afternooun hours. During the noon hours the trough is usually absent
but a 'shoulder' of ionization (Fin. 1) is often seen. This. is to be expected since the noon ionization
is sufficiently extended towards the north in latitule to overlap the normal enhancement (described in
Section 4).

4. POLAR PLASMA ENHANCEMENTS

By examining the exospheric plasma distribution on successive satellite transits across the winter
pole Thomas and Andrcws 13,14 have been able to establish that a ring of enhanced plasma density occurs at
higher latitudes thar the plasmapause termination. The ratio of peak to trough values of plasma density
at 1000 km may exceedt 25 to 1. In fact the lower latitude edge of this halo or ring of enhanced density
forms one of the sides of tlie main trough. A schematic diagram illustrating this is shown in Fig. 2.
Over the polar cap itself there is a plasma depletion or cavity, elonjated and displaced in tlie midnight
directjon. The 'gap' between the plasmasphere termination and the stationary plasma ring is somewhat
crescent shaped, being widest during the morning hours, narrow on the evening side. Inside the gap, very 3
low plasma densities prevail especially at night. Near noon the gap is obhscured due to the encroachment :
to higher latitudes of the solar produced ionization, overlapping the plasma ring. £

kb s

The statistical positions of the density enhancements have been presented by Andrews and Thomas 13'14.
The distrikution shown in Fig, 2 is of ccurse highly idealized, individual passes depart from this distri-
bution in detajl but are similar in character.

In Fig. 3 the auroral oral of Feldsteir 15 15 superimposed on the boundaries of the density enhance-
ments for a Kp index of 3. The plasmasphere termination in the F region as given by Thomas and Andrews
15 also shown together with the 40 ke electron trapping boundary. Attention is diawn to a number of
important featuies of Fig. 3 in which the boundaries of the density enhancements are defined. It should
be noted that the boundaries are the statistical position of the mid-points of the sloping 'sides' of the
density enhancements. Perhaps a mare geophysically meaningful quantity would be the base width (in degrees) :
of the enhancements, In practice it might be expected that on average the density would in fact be 3
enhanced approximately 1° on each side of the zone shown in Fig. 3. The invariant latitude A'p (nocn)
and A'N (midnight) of the upper boundary are 76° and 74° respectively.

It is interesting to examine the movement of the ring of enhanced plasma density in the same way as H
the main trough movement has been examined. The lower boundary of the plasma ring moves eguatorwards with
increasing magnetic activity. puring December 1962 for the 0000 - 0200 local time sector the equation for
the positisn A' in invariant latitude of the lower boundary was ¥

At = 65.3 - 2.3 K
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The position of the upper boundary of the ring is rather variable, but it too moves to lower latitudes with
increasing Kp.

One important consequence of the identification and location of a stationary plasma ring is the recog-
nition by Andrews and Thomas 13, that high latitude ionospheric observatories on the ground will 1otate
under the stationary ionization pattern - and may or may not iatersect it depending on their precise geo~-
graphic locations. The effects of the stationary plasma ring should therefore be detectable for example
ae anomalously dense layers giving rise to high critical freqguencies and ‘obliqus' traces on ionograms.
These effects were in fact found in the f-plot data examined for a number of high latitude stations 13,
It is predicted that similar effects ure likely to be found in absorption measurements since it is likely
that tnhe ring pattern extends from the lower ionosphere up to altitudes of a few thousand kilometres.
Observed MUFs are also likely to be artfected at high latitudes.

The observations discussed by Thomas and Andrewssrelated to a period of low solar activity and to the
northern ..armisphere. it is clear that the same basic density configuration is present in both hemispheres
, despite the different relationship between magretic and geographic co-ordinates, and also at times of

higher solar activity g

5. . GEOMAGNETIC CONTROL AND U.T. EFFECTS

Tt was noted by Thomas et al. 10, that the trough positions on successive transits follow L shells
rather than geographic latitude. Geomagnetic control constrains the trough at a fixed local time to move
aloing a contour of constant L or A' as the earth rotates beneath it, Their data showed that the largest
values of electron deasity recorded in the enhancements tended to occur in a period centred around 1800 -
1900 U.T. which corresponds to magnetic ncon (Fig. 4) with very few occuring after magnetic sunset or before
magnetic sunrise. Clearly the histogram shows that the large peaks are predominantly a magnetic daytime
effect. It is clear that the enhancements respond to geomagnetic control tie largest enhancements being
observed near magnetic noon when the angle between the ceomagnetic dipcle axis and the solar direction is a
minimun at ~1800 U.T. Thomas and Andrews ~ showed that the trough is moved towards and away from the
equator in synchronization with the rotating L pole, the trough being closest to the equator at the univer-
sal time when the eccentrically rotating L pole enters the local time sector concerned. The trough hLowever
follows a more constant value of invariant latitude indicating geomagnetic control.

Universal time effects observed in the polar ionosphere by a number of workers have been summarized

by King et al. 18, It is clear from a great number of independent observations that the maximum electron
densities in the F region are observed near 0600 U.T. in southern hemisphere and near 1800 U.T. in the
northern hemisphere. There is also evidence that the height of maximum electron density in the southern

polar regions is a maximum near 0600 U.T. ard minimum 12 hours later, ard at mary scuthern ohservatories
the maximum electron density in the F2 region {as its lowest value near 1800 U.T., the form of the height
and density curves being approximately sinuscidal and in phase.

6. PARTICLE PRECIPITATION AND THE DPNLAR WIND

It has been pointed out that the disturbed nature of the polar ionosphere, including stvch features as

thin, magnetically aligned sheets of ionization strongly suggests collision ionization. To produce signifi-
cant amounts of F region ionization, it is known that fluxes of elertronswith initial energies of about
1 kev are required. Recently, such particles have been measured directly 19,20,21,22, Significantly,

these fluxes also show a cavity over the pole, where their intensity drops by at least two orders of magne-
tude. The high latitude boundaries, Ab and A& in invariant latitudes, of the soft electron fluxes in the
noon-midnight meridian are compared in Table 2 with the equivalent day and night boundaries of the plasma
density ring. The positional agreement between the precipitation and the enhanced deusities strongly
cuggests cause and effect.

Calculations 19, .hich include the effects of rlasma diffusion above 200 'm altitvde, indicate that
the fluxes reported by burch 2i :v¢ ni"ficient to produce collision ionization densities equal to thcse
observed. The average soft zo:n . spectra foud by Burch 21 yere,

7 = 2.7 x 107E 1"%8/cm?/ster/kev/sec  (nightside)
J = 3.0 x 107E-?'76/cm2/ster/kev/sec (dayside)

for 0.1 kev s E § 1,2 kev,

The calrulation of the icnizing effects of such a flux is complex but may be simplified by the
technique introduced by Rees 20 based on the measured absorbtion of a mono-energetic beam of electrons as
it traverses a gas. In his calculation Andrews 19 neglected the effect of the magneti~ field, wlich is
permissgibla for an extended precipitation source in a uniform field. This is required by the :1.k of
pitch angle information in any case. He used a mid-latitude atmospheric i c.le. with parameters s=lected to
approximate to low solar activity, but higher temperatures corresponding to polar latitudes. The model
used was CIRA 1965, 1400 hrs, for a solar 10.7 cm flux of 150 x 10722w/m’ ‘Hz.

After making the assumption that 35 eV is required for production of one ion-electron pair the produc-
tion rate was calculated as a function of heiqht. It was estimated that the maximum production rate of o
in the soft zone due to els ron precipitation was 255 cm™? sec=! at 235 km on the dayside and 270 cm=’ sec
at 180 km on the nightside.

=1

In order to cornvert the profiles of production rate into electron Jersity prciiles the steady state

continuity equation with no horizontal movements was used. For ease of sclutior dif{fusive equilibrium was
assumed to exist at 1000 km altitude. In calculating the ambipolar diffusion in the al*itude range 200 km
to 1000 km the scale height was matched to experimentally derived polars values, losses due to recombina-

tion were calculated using laboratory measurements of the reaction rates and ale> inferred jonospheric
values of these rates. Andrews 19 calculated the density at the maxiiwum of the F2 layer to he 2.7 x 10°
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to 5.3 x 105 cm™? on the dayside and 1.6 x 105 to 3.6 x 105 cm~3 on the nightside. From Alouette data for
the period of 1962/63, densities at the F layer peak were found to be 0.5 x 105/cc in the trough and the
polar depletion. In the nightside peaks, typical densities were in the range 1.5 - 2,5 x 105/cc, rising
to 3.5 - 4.5 x 105/cc on the dayside. Hence the day-night asymmetry in the density observations agreed
with the asymmetry predicted by the precipitation measurements. The quantitative agreement is good con-
sidering the assumptions made in the calculations.

The excess ionization near local noon peaked near L = 25, 10 5o that the Alouette I observations of
polar enhancements agree well with those of Maehlum 22 and Burch 21, It is difficult not to interpret
their results as confirming our general model of the plasma ring essentially resulting from particle pre-
cipitation. The movement of the plasma ring hypothesized and detected by Andrews and Thomas 5 has been
placed on a quantitative basis by Maehlum 22 who has determined both the daytime and night-time movement
with universal time of the poleward boundary of low energy electrons. He finds during the summer of 1967
that A'D follows an approximately sinusoidal curve with a maximum near 180C U.T. and a minimum near 0800
U.T. {(A' = 84° and 74° respectively). The size of the polar cavity (180° - (A'D + A'y)) is least (v20°)
at 1800 - 2000 U.T. i.e. near magnetic noon, and a maximum (v35°) at 0600 - 0800 U.T., i.e. near magnetic
midnight. The plasma ring under which the earth rotates thus responds in universal time to the changing
geometry of the geomagnetic axis in relation to the sun-earth line. Maehlum 22 points out that since the
universal time variations in electron fluxes are related to geomagnetic field distortions associated with
the varying tilt of the geomagnetic axis with respect to the solar wind, significant seasonal variations
should be detectable in the electron fluxes in polar regions. It is of importance thcietore to derive the
seasonal variation in the plasmea distribution along the track of the Alouette I satcllite over the polar
region. It is interesting that Maehlum finds A'p winter to be less than A'p summer by ~5° for the few
winter passes studied by him.

The importance of thr polar wind theory 25 jp determining this morphology was first recognized as a
result of latitudinal surveys of the togside ionosphere scale height. Real height-density analyses of
ionograms in the region were performed 6 to provide information on the changes taking place across the
pole. Fig. 5 gives graphically the results of such an analysis of a seguence of ionograms, during which
the satellite crossed the morning trough from mid-latitudes, and entered a polar peak of ionization. The
scale height Hof the topside plasma, defined by

dh
H = - N an

may be shown to carry information basically on the ratio (Tj + Tg)/m;j, where T;, T, refer to ion and elec-
tron temperatures, and mj is the mean ionic mass. The sudden fall in scale height at great heights on
entering the trough is consistent with a rise in mean ionic mass, so that the ionosphere at high latitudes
is composed mainly of oxygen ions. This abrupt chance from mid-latitudes is illustrated in the profiles
A and B. The former alone shows the curvature near 600 km caused by a change 1n compusition to ions
lighter than O* at greater heights. At the same time, the steeper slope of profile B below 500 km, where
the dominant ion must be 0%, implies the temperature of the polar ionosphere is greater than at mid-
latitudes. Frofile C, taken inside a polav p¢al, is interesting as it indicates the composition of the
ionization peak is remarkably similar t¢ the trough, i.e. predominantly hot 0%, even though the densities
differ by an order-cf-magnitude.

At magnetic latitudes above about 80°, prcfiles corresponding to the night hours freguently show a
fall of scale height, below 500 km, compared with values at latitudes a few degrees south, to values dif-
ficult to explain on the assumption that diffusive equilibrium applies. Such a depression of H below
500 km, however, is what might be =xpected as a cunsequence of the polar wind, where 0* ions flow upwards
through the neutral atmosphere to replenish the outflowing protons by charge exchange with neutral hydrogen
atoms. In doing so, the scale height of the flowing C* plasma becomes depressed below that expected in
diffusive equilibrium, and is nearer that of the nentral atmosphere.

Zhc CONCLUSIONS

The answers to the overall questions of the winter source of polar ionization, and the morphology of
that ionization are becoming known. There are several factors responsible for this increased knowledge
including the data collected by satellite-borne exveriments and aircraft-borne experiments and t realiza-
tion of the most useful schemes for data ordering.

The polar wind is a mechanism of plasma remcval which has heen shown to he operative in jarts of the
polar exosphere. The exact extent to which the polar depl=tion 1s a resuit of plasma removal «r simply
the absence of the ionizing source of precipitation is not completely decided.

ACKNOWLEDGEMENTS

This paper summarizes recent work by the authors and their colleaques on the polar exospheric plasma
distribution. It draws heavily ~n material already puhlished in the scientific literature, in a number of
papers referred to cbove.

LIST OF REFERENTES

1. Patton, D. E., V. L. Peterser, G. H. Stonehocker and J. W. Wright, Characteristic variations in the
Antarctic ionosphere, Geomaqg. and A roromy, AGU Antarctic Research Series, vol. 4, 47-7%, 1965,

2. Hill, G. E., Anomalous f,F, variations in the Antarctic, J.G.R., 65, 2011-2023, 1960.

3. Bellchambers, W. H., L. W, Barclay and W. R. Piggott, The Royal Society IGY Expedition Halley Bay
1955-59, 179-221, publiished by Roy. Soc. London, 1962.

4. Sato, T. and G. F. Rourke, F-region enhancements in the Antarctic, J.G.R., 71, 1345-1356, 1964.

i ke
i 2ai ey R

ok i

A




T AT D

10.

11.

12,

13.

14,

15.

16.
17.

18.

19.

20.

21,
22,

23.

24,
25,
26.

o gegdicnoe i ndoRubs it e Wn e - A Lk i i

G et Sk S Lt il o i) b e it

Thomas, J. O. and M. K. Andrews, Transpolar exospheric plasma 1., Plasmasphere termination, J.G.R. Zl’
7407, 1968.

Muldrew, D. B., F-layer ionization troughs deduced from Alouette data, J.G.R. 70, 2635, 1965.
Thomas, J. O. and S. W. Dufour, Electron density in the whistler medium, Nature, 206, 567-571, 1965.

Angerami, J. J. and J. O. Thomas, Studies of Planetary atmospheres, 1, The distribution of electrons
and ions in the earth's exosphere, J.G.R. 69, 4537-4560, 1964.

Rycroft, M. J., and J. O. Thomas, The magnetospheric plasmapause and the electron density trough at
the Alouette I orbit, Planet. Space Sci., 18, 65-80, 1970.

Thomas, J. O., M. J. Rycroft, L. Colin and K. L. Chan, The topside ionosphere 1I. Experimental results
from the Alouette I satellite, Proc. NATO-ASI Finse, Norway, p. 322-357, ed. J. Frihagen, North-Holland
Publishing Co., Amgterdam, 1966.

Sharp, G. W., A mid-latitude trough in the night-time ionosphere, J.G.R. 71, 1345-1356, 1966.

Liszka, L., The high lztitude trough in the ionospheric electron content, J. Atmos. Terr. Phys., 29,
12, 1243-1259, 1967.

Andrews, M. K. and J. 0. Thomas, Electron density distribution above the winter pole, Nature, 221,
5177, 223-227, 1969.

Thomas, J. O. and M. K. Andrews, The trans-polar exospheric plasma, 3: a unified picture, Planet.
Space Sci., 17, 433, 1969.

Feldstein, Y. I., Some problems concerning the morphology of auroras and magnetic disturbances at high
latitudes, Geomag. Reronomy, 3, 183-191, 1963.

Pike, C. P., A comparison of th=2 North and South polar F-layers, J.G.R., 76, in the press, 197..

Pike, C. P., Universal time control of the south polar F-layer during the I.G.Y., J.G.R., 75, 4871-
4876, 1970.

King, J. W., H. Kohl, D. M. Preece and C. Seabrook, An explanation of phenoma occuring in the high
latitude ionosphere at certain universal times, J.A.T.P.. 30, 11-23, 1968.

Andrews, M. XK., "Plasma studies related to observations made by ionospheric "topside sounder"
satellites”, Ph.D. Thesis, London University, 1969.

Rees, M. H., Auroral ionization and excitation by incident energetic electrons, Planet. Space Sci.,
11, 1209, 1963.

Burch, J. L., Low energy electron fluxes at latitudes above the auroral zone, J.G.R., 73, 3585, 1968.

Maelhum, B. N., Universal time control of the low energy electron fluxes in the polar regions, J.G.R.,
73, 3459, 1968.

Evans, J. E., R. G. Johnson, R. D. Sharp and J. B. Reagan, Recent results from satellite measurements
of low-energy particles precipitated at high latitudes, Space Sci. Rev., 7, 263, 1967.

Hoffman, R. A., Low-energy electron precipitation at high latitudes, J.G.R., 74, 2425, 1969.
Banks, P. M. and T. . Holzer, The polar wind, J.G.R., 73, 6846, 1968.

Thomas, J. C. and M. K. Andrews, The polar exospheric plasma, in The Polar Ionosphere and Magnetospheric
Procesees, ed. G. Skovli, Gordon and Breach, New York, 1969,

|
|




TABLE 1

ot

E Local Time Sector A'P.T.
F 0600 57.3
1000 .62.1
l 1200 68.0
1800 66.6

The invariant latitude, A'P.T.' of the plasmasphere termination near 1000 km
as measured by the foot of the low-latitude side of the 'trough',

§ TABLE 2 ,
E
E
. t ' Ly Cavity
Observation AD AN AD AN size
Electrons, .08 - 21 kev, winter 1963 78 72 6 30°
Electrons, .05 - 1 kev, summer 1967 83 72 11 25°
Plasma Density, Kp = 3, winter 1962 76 73 3 31°

Comparison between plasma cavity position and the precipitating particle
boundary.
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SOLAR ZENITH ANGLE

The experimentally observed electron density, NyF2, as a function of solar zenith angle (or of
latitude) for a dayside pass on which the vehicle was travelling towards the sun in the noon sec-
tor. The shoulder of ionization frequently seen in this reqgion is marked (1), and tne steep
gradients (arrow 2) encountered bhetween the shoulder reqgion and the mid-latitude wall of the
trough seen at other local times. The upper curve labelled 'Chapman' illustrates the approximate
variation of NpF2 expected from simple theory. It is clear that on the occasion illustrated the
jonosphere terminates at a iower latitude than 1s suggested by simple theory. The sudden fall-

off in ionization just north of the arrow (1) represents the plasmasphere termination (from ref, 14}.
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Fig.

3

LOCATION OF HIGH-LATITUDE PHENOMENA

The relative locations of various high latitude phenomena discussed in the text in terms of
irvariant latitude and local time for a Kp of 3. The plasmasphere terminaticn is clearly seen.
The smoothed upper and lower boundaries of the high latitude ring of enhanced plasma density are
also plotted. The trapping boundary shown is that for 40 kev electrons and the positions of the
other features correspond to the winter of 1962/63 (from ref. 13).
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A Discussion of Arctic Ionograms

R.A, Wagner and C,P, Pike
USAF Cambridge Research Laboratories
Bedford, Mass., 01730, USA

SUMMARY

Examples of arctic ionogram sequences, recorded on the AFCRL Flying Ionospheric Laboratory, are
presented, The purpose of this paper is to show that: a) ionogram sequences, recorded on arctic flights,
facilitate the interpretation of oblique incidence echoes from E- and F-layer heights. b) parameters of
the arctic ionosphere can be mapped by using the "auroral oval" as an crdering system, =) vertical and
oblique incidence echoes, appearing on ground station ionograms, can be {nterpreted in terms of the
station's pesition relative to the auroral oval,

The analysis of a three hour flight with 6 latitudinal scans undernea.h an auroral band shows the
close relationship between auroral type sporedic E echoes (Ega) and discrete aurora., The invistigation of
49 latitudinal scans through the auroral oval during times of low magnetic activity revealed the existence
of a particle produced E layer which is oval aligned, is 2° to 6° wide in corrected geomagnetic latitude
and occurs at all corrected geomagnetic times, This layer produces the night E echoes,

A unew fonogram analysis procedure, which uses oblique incidence F-layer echoes, s demonstrated, and
the feasibility of monitoring the latitude of the southern edge of the polar F-layer irregularity zone by
using this new analysis procedure is demonstrated,

1. INTRODUCTION

Vertical incidence ionograms, recorded in high latitude regions, are often highly complex. Spread
echoes and a variety of oblique echoes, which originate in E- and F-layer heights of the ionosphere,
complicate ionograms. In E-layer heights different types of echoes are often simultaneously observed, and
their appearance may change rapidly. These complications are the well-known cause of the difficulties
which are encountered in scaling and interpreting of arctic ionograms.

It is often difficult to interpret echoes on complex ionograms when only individual sweeps, recorded
at long time intervals, are considered. TIonogram analysis and interpretation can be aided by using ionogram
sequencet, This technique was used for instance, by Hansom etal(l) tc show movements of the night E-layer,
and 1s presently being used in recording vertical incidence swept frequency ionograms on the AFCRL Flying
Ionospheric Laboratory. An ilonospheric sounder, carried on a high-speed aircraft, is a valuable tool for
investigating the arctic ionosphere.

For planning arctic flights thc "auroral oval” (Feldstein and Starkov, (2)) has been used as a frame
of reference, since it has proved to be an ordering system for many arctic geophysical phenomena, The
auroral oval, defined as the region of maximum occurrence cf visible aurora at a given instant, is an oval
shaped belt surrounding the geomagnetic pole. T[he nval's position is fixed with respect to the sun and the
earth rotates underneath it, A high-speed aircraft,flying at high latitudes against the earth's rotation,
can stay at constant CG local time for many hours while, at the same time, making latitudinal scans. By
fly'ng in the direction of the earth's rotation the aircraft's movement relative to the oval can be
accelerated, and the entire oval can be investigated in one 10 hour flight, The corrected geomagnetic (CG)
coordinate system (Hultquist, (3), (4), Hakura, (5)) is used throughout this paper.

Examples are discussed in this paper which demonstrate the usefulness of ionugram sequences, recorded
on flights and on the ground, in interpretation of oblique incidence echoes from E- and F-layer heights.,
Analysis of ionogram sequences, accumulated in cross-section flights through the auroral oval at all C¢
local times, has permitted the mapping of the occurrence of auroral E and auroral Eg relative to the location
of the auroral oval. A special analysis procedure, which uses oblique incidence F-layer echoes for moni-
toring the latitude of the southern edge of the polar F-layer irregularity zone, is presented,

2 E REGION

Many statistical investigations and single case studies have been made of the relationship between
ionospherjc E-region echoes and the visual aurora.

Results, obtained from simultaneous ionogram recordings and observations of aurora, show that good
correlation exists Letween: a) sporadic E (Eg) range and elevation of aurora (Knecht (6), Buchau et al.
(7), Vhalen et al. (8)), b) auroral brightness and the top frequency of Eg echoes (Knccht (6), Hunsucker
and Owren (9)), c) auroral brightness and the inverse of the virtual height of Eg echoes for the case of
overhead aurora (Harang (10), Knecht (6)). The results of tlhie work of many researchers arc recunsidered
in relation to the auroral oval, in a study of the distribution of occurrence of Es in high latitudes, by
Pittenger and Gassmann (il). Eg echoes with top frequencies >5 MHz were found to occur in an oval pattern
and to have a pronounced maximum {n the oval's night sector, indicating a close relaticnship to the location
of maxfmum occurrence of visual aurora.

Simultaneous occurrence at a station of night £ (or "auroral E", a term proposed by Penndorf (12)
for this particle produced layer) and aurora has hecn reported by King (13) and Bullen (14)., On the other

hand Hanson et al, (1) found no hour-to-hour correlation of night E with aurora, Night E has also been i
observed equatorward of visual aurora (King (15)). With increasing magnetic activity auroral E (night E)
is observed at lower latitudes than {n quiet conditions, whicharggests & relationship between auroral E and a

the auroral oval. Whalen et al, (8) found close relation between non-discrete, continuous aurora and
auroral E (night E) on cross-section flights through the noon scctor of the auroral oval,
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Observations of the relationship between Ega a2choes and aurora and between night E and the locatien of
the auroral oval, reported here, were made during cross-section flights through the auroral oval.

2.1. RELATIONSHIP BETWEEN AURORAL Eg AND VISUAL AURORA

A section of a flight is discussed where the aircraft crossed several times underneath a stable
auroral band, Vertical incidence ionograms and all-sky photographs used for this analysis were simul-
taneously recorded at one minute intervals on 14 December 1968 during a flight from Labrador to Alaska,

The flight track was planned so that the midnight sector of the auroral oval could be monitored for more
than 9 hours while 18 latitudinal cross-sections, extending over 3° to 3-1/2° CG latitude, were made within
the auroral belt, Recording of ionograms and all-sky photograrhs started on scan & and continued through
the end of the tiight. The flight track is shown in Figure 1 in geographic coordinates on the left side
and in CG latitude and CG local time on the right side.

Quiet magnetic conditions prevailed during the flight, Kp = 04, 1, 1, 1In the first part of the flight
no discrete aurora was observed, and only occasional brightening of the sky and very faint unstructured
forms in the north were observed, No Eg was recorded during this time; however, a band of auroral E was
observed which will be discussed later. At 6 UT (at the start of latitudinal scan 7) an oval-aligned arc
developed which extended from tiie west to the east horizon., During the following 6 hours this aurora was
seen constantly while the aircraft moved to the west, crossing underneath the aurora from south to north
respectively north to south 12 times, 1In the last three hours of the flight (9 to 12 UT) the aurora was
at times very active often filling the entire field of view of the all-sky camera (1000 km diameter); quiet
conditions returned in between. During the 6 hours when discrete aurcra was observed auroral Eg was re-
corded continuously; auroral type Eg, as described in the IGY Manual (16), page 94—95. Figure 2, lower
part, shows an Egaz echo recorded during this flight, When the aircraft approached an arc or band, passed
underneath it, and then moved away from it, the virtual height of the Esa echo regularly decreased from
high ranges, levelled off at & minimum value and increased again. When overhead aurora was observed over
the entire width of the latitudinal scans, the time history of any of the individual bands or other forms
could not be followed, the h'Egg stayed at minimum values, no oblique traces were seen, As soon as a band
or arc couid again be defined and it's zenith angle determined, the time variation of h'Ega and of the slant
ranges to th2 aurora coincided again.

In the uppar part of Figure 3, the virtual height of Ega (open circles) and the slant ranges to the
visible aurora (full circles connected by dotted line) are plotted versus UT. They were recorded duving
the 3 hours when a stable auroral arc or band was crossed 6 times. Encircled numbers indicate the scan
number in the sequence of latitudinal crossings., The slant ranges to the aurora were determined from the
all-sky photographs assuming that the lower edge of the aurora was 120 km above ground. The slant ranges
to the aurora and h'E coincide very well, Approach to and movement away from the aurora can be followed in
passes 9 through 12 since the location of the bands (extending east-west) was in the center latitude of the
scans. In scan 7 the aircraft turned before reaching the northern edge of the aurora, and on the return
scan the southern edge had moved to the north, The fact that the virtual height of the Ega and the slant
range to the aurora change simultaneously during the 6 crossings underneath the auroral band indicates that
the region of ionization, causing the Ega echoes, must be limited in latitudinal extent to the vicinity of
the discrete aurora.

The auroral brightness increased during the period investigated, During passes 7 and 8 the aurora
was very faint, h'Ega was 130-135 km when the aurora was overhead. Increased auroral brightness was observed
in passes 9 and 10, the recorded minimum virtual height of Esa was 120 km when the aurora was overhead,
Finally, (passes 11 and 12) h'Egq had decreased to 105 km, and the brightness of the overhead aurora had
again increased. From 0610 to 0730 UT (i.e. pass 7 through most of pass 9) simultaneous photometer me2-ture-
ments of the 5577R emission were made (Whalen, private communication)., When visible aurora was overhead
during this time, the correlation between the spectral line intensity and the inverse virtual height of Ega
is good, even for short-time fluctuations,

Assuming that the height above ground of the lower edge of the auroral form, is identical with the
virtual height of the Ega when the aurora is in the aircrait zenith, the slant ranges were replottad for
passes 7, 8, 11 and 12; ‘rhe improved fit of the resulting slant ranges to the aurora and h'Ega curves {s
shown in the lower part of Figure 3., (Arrows below the time scale in pass 12 indicate the times for which
ionvgrams and all-sky photographs are shown later, in Figure 5).

The correlation between auroral brightress and top frequency (fEga) of the Ega echoes, {ound by other
investigators, is confirmed by the measurements of this flight: faint aurora from (6-7 UT) is accompanied
by fEsa only occasionally over 4 MHz; in:reased auroral brightness (from 7-8 UT) by fEga=5 MHz rather
bright aurora (from 8-9 UT), by fEsa between 8 and 9 MiHz. Therefore, it follows that the h'Ega is inversely
related to fEgg., In Figure 4 the virtual height of Ega, recorded in passes 7 through 12 when aurora was
observed in the zenith, are plotted versus the top frequency of the Ega echo.

Figure 5 gives examples of fonograms and all-sky photographs recorded on pass 12. Simultaneously re-
corded ionograms and all-sky frames are labelled a, through d. and show that the range of the Ega echo
decreases when the auroral band is approached. Arrows below the time scale (pass 12) of Figure 3, lower
part, indicate the times when the frames were recorded.

2,2 OCCURRENCE OF AURORAL E (NIGHT E) IN RELATION TO THE AURORAL OVAL

The close association between Ega echoes and discrete aurora has been demonstrated. A few examples
follow of the occurrence of auroral E (night E) echoes in relation to the auroral oval, The auroral E
(night E) echoes were identified according to the description on page 106 of the IGY Manual (16). This
definition, originally given by Hanson et al, (1), was found to be clear and comprehensive, Figure 2, upper
rart, shows two examples of auroral E (night E) echoes, recorded during arctic flights., A band of auroral
« (night E) was regularly found in the three flights of December 1968 with a total of 16 cross-sections of
the auroral oval at CG noon in darkness, rcported by Whalen et al, (8). Characteristics of this particle




produced continuous E layer that are of interest here, are as follows: In the noon sector it extends
about 5° southward from the instantaneous location of the discrete aurora; at the northern edge, at the
location of overhead aurora, the typical E-echoes transform to Ega at the same virtual height; from north
to south the critical frequency of the auroral E layer increases, while the virtual height decreases,

Subsequent investigations of ionogram sequences from cross-section flights through other sectors of
the auroral oval confirmed the existence of an oval aligned E- layer of particle origin,

AURORAL E OBSERVED 1N THE NIGHT SECTOR OF THE AURORAL OVAL

In Figure 6 the traciks of cross-section flights through the night sector of the auroral oval are
shown, The flights were made during the time from February 1968 through February 1971, and they were
selected for this survey because of quiet magnetic conditions during the flights. Kp indices were 0 to 2
during most of the time; exceptions are Kp = 3 for part of flights d and e, and K, = 4- at the start of
flight b, A total of 33 latitudinal scans through, or within the night sector of the oval were made along
the flight tracks; flights d, e, and f are "oval stationary” flights with several scans in the same CG time
sector; 2 flights were made along flight route c. The heavy dotted lines indicate the flight tracks where
auroral E (night E) with critical frequencies >2 MHz was observed; 2 MHz being the low frequency limit of
the airborne sounder. Auroral E occurs in a continuous band that extends over several degrees of latitude,
A black bar across the flight track indicates the location of the maximum critical fr:quency recorded on
that scan, Intheowal stationary flight d auroral E was present continuously in all 6 scans; in 3 or 4 scans
for flight e; and in 5 out of 15 scans for flight f, The foE maximum was found at identical latitudes in
every scan of a particular oval stationary flight, This is true also for the second maximum at 69° LG
latitude in flight e, In the last of the 4 scans of flight e nondeviative absorption had increased, auroral
E with foE <fmin may have been present.

Flight f is the flight of 14 December 1968 where, as mentjioned before, no auroral bands or arcs were
observed in the first part of the flight, only some barely visible forms and areas of brightness were
noticed. Auroral E was observed continuously until Egg appeared simultaneously with the auroral arc that
had formed, (Occasionally oblique E echoes could he seen in the r..-ence of Ega) This observation confirms
the relation of auroral E and a non-discrete form of aurora, found in the noon sector of the auroral oval
(Whalen et al, (8). For all other flights the location of the band of night E relative to the position of
discrete aurora is not investigated here,

In the latitudinal distribution of foE a second maximum, as seen in flight e, 1s sometimes observed
during more disturbed conditions. Concluding from the results of Whalen et al. (8), electron precipitation
with a spectrum, hardening equatorward, is likely responsible for the auroral E-layer. Proton precipitation
was found to be the cause for a second max.mum in the north, recorded in a previous flight and not included
here, Conditions in flight e are still unde: investigation, No second maximum of foE was observed in the
other flights shown in Figure 6. In flights b and d, and perhaps in some scans of f, the aurorai E (night E)
region may have extended farther to the north of the flirht tracks, and a second maximum may, therefore,
have excaped observation. However, no increcase in the E critical frequency was indicated near the northern
end of the scans, Figure 6 summarizes the observations of cross-section flights through the night sector
of the auroral oval in quiet magnetic conditions:; a) Auroral E occurs in bands several degrees wide in
latitudinal extent; and bL) the pattern of fuE increase with decicasing latitude that was established for
the noon sector in dackness, is found to exist in the night sector also.

ENHANCED foE IN THE DAY SECTOR OF THE AURORAL OVAL, IN SUNLIGHT

Particle produced fonization in E-layer height has also been observed in the sector 08 through 21 CG
time for times of low magnetic activity under sunlit conditions., 1In daylight the normal E-layer is produced
by photoionization; where particle precipitation causes additional ionization, an enhanced critical frequency
of the E layer is meas.red, with an foE that is higher than that corresponding to the zenith angle of the sun
at that given tim: and location. Figure 7 shcws (plotted in CG latitude and CG time) the routes of 9 flights
performed in the summer of 1970 amd 1971 which yielded a total of 16 cross-sections through the auroral oval,
All flights were made in daylight and during magnetic conditions characterized by Kp 0 to 3- (except for onc
crossing with Kp 4-). Heavy black lines along the flight tracks indicate the latitudes where enhanced 1gE
w~s recorded, Dotted lines indicate tho.e areas where the enhancement was very little, 1In every crossing
of the oval a single belt of enhanced foE was observed, the latitudinal extent of which varied from 2° to 6°.
Considerable variation in the location of the enhanced foE region is observed mainly in the 6 crossings in
the 10 to 14 CG time sectnr., The center latitude of the region is located hetween 67° and 73° CG latitude
compared with 71° and 78° for 16 crossings through the noon sector in darkness on the 3 flights of December
1968. 1In the evening, 18 through 2! CG time, the center latitude of the regfon of enhanced E ionization is
found at 70° to 71° CG latitude in 5 out of 8 cases. This coincides with the results from cross-section
flights during the same time interval, presented in Figure 6,

SPREAD E

Characteristic of the auroral E (night E) echo trace observed during dark hours is the spread near the
critical frequency. Spread near the critical frequency of the E layer is also observed in {onograms re-
corded in the region of foE enhancement, in daylight., The spread E is observed so regularly with enhanced
foE that Bullen (14) uses occurrence of spread E in daytime ionograms as one criterion to determine from
ionograms the existence of particle produced ionization, 1In Figure 8 an.example is given to illustrate the
change in appearance of the E echo traces from nirmal to spread and back to normal., The {onograms were
recorded during a flight in daylight across the oval belt, Within the latitude band where foE was enhanced,
spread E was observed continuously, Howeve~, on the return (N to S) when the aircraft crossed the region
of enhanced E again, the spread near the critical frequency of E was rather weak and not seen in every
ionogram (one fonogram per minute being recorded).
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AURORAL E OBSERVED CONTINUOUSLY AROUND THE AURORAL OVAL

The cross-section flights through the auroral oval belt at nearly all times accumulated statistical
evidence for the validity of the E layer pattern which was first established for the noon sector in
darkness, The question arises whether this pattern is also valid as an instantanecus picture around the
avroral oval,

In the 10 hour circumoval flight of 5 January 1970 nearlv the entire oval belt was investigated.
In Figure 9 the thin continuous line is the flight track plotted in CG latitude and CG local time., The
decrease of foE with increasing CG latitude was found ?a all sections of the flight where the flight track
deviated from its primarily eastward course and crosfed thrrough several degrees of latitude toward the N
or the S, This lacitudinal dependence is particulavly evident from 7 to 9 CG local time, 14 to 16 CG local
time, and at the end of the flight near midnight. Using the f,E values from analysis of the ionograms re-
corded during the flight, contour lines of foE were drawn, shown as heavy lines in Figure 9; the dotted
linets comnect extrapolated values. At 02 and 04 CG local time ( 1in Figure 9) E echoes were seen obliquely;
they originated from a layer S of the flight track, as could be determined by photometric measurements.
The figure presents a quasi-instantaneous picture of the occurrence of auroral E (night E) as derived from
data taken on this flight, The 5th of January 1970 was a day of low magnetic activity.

GROUND STATION DATA REVIEWED IN RELATION TO OVAL-ALIGNED E LAYER PATTERN

The E layer pattern for quiet days, derived from the aircraft data, can be tested by ground station
data, As an example in Figure 10, in the center, a graph is shown from Hanson, et al, (1) of the time
variation ~f the critical frequency of a night E echo observed during a 5 hour period et Fort Chimo on
26 Januaty 1952, a magnetically quiet day, The ionug:ams, from which the critical frequencies are derived,
are reyroduced in their paper and show typical examples of night E (auroral E) echoes. The hour by hour
posicions of the station relative to the Q=1 auroral oval are marked by triangles, the first corresponding
to 16 LT Qocal time at Fort Chimd. If on this day an approximately oval-aligned E region was pres:nt as
indicated, the station would be south of the E region through abcat 1745 LT, Rotating further towa.d the
auroral oval it would move under the 3.0 MHz foE contour &t 18 LT. Due to the steep gradient versus
latitude in foE at the southern edez of the E region, the narrow band of maximum foE is overhead before
19 LT. From 19 to 20 LT the station moves through the northern part of the night E region.

2.3, SUMMARY AND RESULTS

1) Analysis of ionogram sequerces and simultaneous all-sky photogrsphs from a flight making six
latitudinal scans in the midnight fector of the auroral oval under quiet magnetic conditions shows that:
a) The recorded auroral type Eg echo (Esa) is returned from a spatially limited area confined to the
latitudinal extent of the visible aurora, b) Good correlation exists between the brightness of aurora in
the zenith, the inverse of the virtual height of the Ega, and the top frequency of the Ega. Consequently,
in case of overhead aurora, the top frequency increases with decreasing virtual height of the Ega. The
results of the analysis also appears to support the assumption that the Ega echoes originate from a height
identical with that of the lower edge of the aurora,

2) Ionogram sequences from cross-section flights through the oval belt during times of low magnetic
activity show the exi{stence of an oval-aligned region of auroral E (night E) which has a width of 2°-6°
latitude, It extends equatorward from the location of the auroral oval in the day sector of the auroral
oval ¢nd i{s located within the oval belt in the night sector. Of a total of 49 latitudinal scans through
the oval belt, at times from 07 through noon to 04 Corrected Geomagnetic Time, 38 show the presence of
auroral E, 16 of the 22 scans through the auroral oval's night sector exhibit the same latitudinal pattern
found (by Whal:n et al, (8)) in the noon sector in darkness; namely, decrease of virtual height of the E
layer from north to south corresponding to precipitating particles with a hardening of the spectrum from
northera to southern latitudes; aud an increase of the E layer critical frequency from north to aouth., Thr
analysis of day flights through the auroral oval resulted in the mapping of the regions where enhanced foE
was recorded, 1.e. where foF was higher than to be expected from photoionization, Although the latitudinal
distribution of the amount of foE enhancement was not established here, the pattern {s coneistent with that
derived from the measurements in darkness, as are the results of a 10 hour circumoval flight in which
auroral E (night E) was continuously observed,

3. POLAR F-LAYER g

The high-latitude F layer has been investigated by many workers, and several basic features are now
known, Muldrew (18), using Alouette topside ifonograms, first showed the existence of the main F-layer trough,
Petrie (19) established that the occurrence of spread F on Alouette fonograms maximized in an oval-shaped
region which encircled the geomagnetic pole. Akasofu (20) later identified Petrie's spread-F region as
being coincident with the quiet time auroral oval, hence a "spread-F oval"”, Thomas and Andrews (21) showed
that the distribution of topside F-layer electron density enhancements, scaled from Alouette ionograms,
maximized in an elongated ring, the '"plasma ring", which, similar to the spread-F oval, encircled the geo-
magnetic pole. Tlonograms recorded on the Flying Tonospheric Laboratory during cross-section flights through
the day sector of the auroral oval were compared with Alouette electron density data and showed that the
topside polar F-layer plasma ring existed in the bottomside as an F-layer irregularity zone (22). On these
flights the latitudinal extent of the F-layer irregularity zone was determined from ionogram movies recorded
on the aircraft sounder. An example which {llustrates how the aircraft's motiou is used to interpret F-
layer features on fonograms is shown in this next section.

st

3.1, AIRBORNE F-LAYER MEASUREMENTS

In the top half of Figure 11 the ai:rcraft's flight route on August 22, 1970 {s indicated by the dashed
line drawn on a CG latitude and CG local time grid. The night rector of the auroral oval for Q=2 magnetic
conditions {8 {ndicated by heavy solid lines. A sequence of afrcraft fonograms is shown in the bottom-half
uvf Figure 11, The letters next to the {fonograms refer to the aircraft's positions, marked by the same
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letters on the flight route map, when the ionograms were recorded. In ionogram A there is a vertical
incidence F-layer echo at 280 km, the first and second F-layer multiple echoes, and .an extra echc at

about 425 km., In ionogram B the extra echo is at a rang.. of about 490 km; while in ionogram C, rzcorded
just before the aircraft turned, the extra echo is at a range of about 530 km. The change in range of

the extra echo corresponds to about the distance that the aircraft flew away from the southern eage of

the oval between the times ionograms A and C were recorded, The extra echo is then an oblique incidence
echo which, most likely, is produced by a reflecting surface located north of the aircraft near the oval,
JTonograms D and E show the oblique incidence echo moving down in slant range as the aircraft flies back
towards the oval. 1In ionogram F the oblique incidence echo is now closer in slant range than the vertical
incidence F-layer echo. Thus, the original vertical incidence F-layer echo is an oblique incidence

echo, and a new F layer, the original oblique incidence echo, is moving down in range and will become a
vertical incidence F-layer echo. The slant range to the extra echo is plotted versus universal time in
Figure 12, Thae letters on the abscissa refer to the aircraft's positions which are noted in Figure 11 by
corresponding letters. All of the ionograms, recorded at the rate of one per minute, contain a strong
oblique incidence echo, therefore, the slant range to the cblique incidence echo couid be plotted with an
accuracy of £10 km, One sees a uniform increase in slant range as the aircraft flies south, away from the
oval, The inflection point of the curve corresponds to the time during which the aircraft turned, and the
decrease in slant range 1s due to the aircraft flying north, towards the uval, This example demonstrates
how F-layer echoes, which occur in a sequence of ionograms, can be uniquely identified and followed when
the aircraft is flying relative to a stable reflector.

3.2. F-LAYER MEASUREMENT AT GOOSE BAY

From October 27-29, 1670 the Flying Ionospheric Laboratory was located on the ground at Goose Bay,
Labrador. Goose Bay is located at geographic coordinates 54°N, 60°W or at CG coordinates 65,5°N, 22°W,
The location of Goose Bay, indicated by triengles, and the Q=3 auroral oval have been plotted in Figure 13
on 8 CG latitude and time grid, From Figure 13 one can see that Goose Bay moves towards the oval during
~he afternoon and evening, that Goose Bay is underneath the oval near midnight, and that Goose Bay moves
away from the oval in the morning. During this three day period at Goose Bay the aircraft sounder was
operarved continuously; the photometer and auroral all-sky camera were used at night for auroral measurements,
Vertical and oblique incidence F-layer echoes, seen on the Goose Bay ionograms, are discussed here; schematic
drawings, showing the main F-layer trough and the F-layer irregularity zone, are presented.

A sequence of Goose Bay fonograms, recorded on October 27, 1970, is shown in Figure 14, These ionograms
were recorded during the late afternoon and evening from 1725 to 2110 local time, and F-layer sunset occurred
at about 1830 local time. Analysis of these ionograms, recorcded on 35 mm film, was facilitated by viewing a
16 mm movie of the ionograms a number of times and by following F-layer features frame by frame in the wovie,
Later, these features were identified and numbered on these single 35 mm frames, Icnogram A shiows well de-
fined ordinary and extraordinary wave components of an echo, labelled 1, from an F layer produced by the sun
and an extra echo, labelled III, at 725 & 20 km between the first and second solav F-layer multiple echo,
Ionogram B shows that echo III has moved down in range to 625 & 20 km and has become better defined than
before, The movie presentation of the ionograms, recorded between these two selected frames, shows echo 111
moving down in range. Ionogram C shows the solar F-layer echo, echo I, the first solar F-layer multiple
echo, labelled .', echo I1I, and a new extra echo, labelled 11, at 475X 10 km. Echoes, similar to those
labelled II and IIT, have been identified by Stanley (23) and Bowman (24) as echoes which are produced by
oblique incidence reflections from the poleward wall of the main F-layer trough. Echoes II and III are
also similar to the oblique incidence echo that was reflected from the region of the oval in the airborne
ionogram sequence in Figure 11. Thus, echoes II and 111 are probably oblique incidence echoes which are
produced by reflecting surfaces located north of Goose Bay in the vicinity of che main F-layer trough and
the F-layer irregularity zone. Tonogram D shows the solar F-layer ech., echo I, with no multiple echoes
and the oblique incidence echo, echo I11. The absence of a solar F-layer multiple echo would suggest that
at this time a curvature in the structure of the plasma frequency contours is passing over Goose Bay and is
causing ionospheric defocussing, Further suggestion for the presence of a curvature is the 30 km increase
in virtual height of the solar F-layer echo which occurs between ionograms B and D. In ionogram E one sees
echo I from the solar F layer, oblique incidence echo 1I, and what may be the reappearance of oblique
incidence echo I11. Bates (25) has pointed out that since aspect sensitivity of the reflecting surface iy
a problem encountered in the analysis of oblique incidence echoes, the appearance and disappearance of
oblique incidence echoes can often be impossible to follow., Ilonogram F contains a complex overlapping ~f
echoes I, 1J,and ITI between 275 and 400 km which cannot be interpreted with certainty. However, a multipie
reflection of echo I1 may now be seen; thus, echo IT must be nearly overhead at this time,

A sequence of schematic drawings of F-layer structure, which could produce echoes I, 11, and IiI, can
provide some understanding of the ray path geometry involved in producing these echoes. The schematics,
seen in Figure 15, were drawn by assuming that during the late afternoon and evening the main F-layer
trough and the F-layer irregularity zone would move f{rom the north towards Goose Bay., The schematics are
composed of constant plasma frequency contours which extend north and south from Goose Bay. One schemat‘c
cross-secticn has been drawn for cach {fonogram in Figure 14, Virtual heights and plasma frequencies, taken
from ionograms A through F, were used as the quantitative basis for the resnpective schematics, The earth's
curvature was taken into account when the grid for the schematics was drawn, The ionosonde in the eircraft
hes a8 frequency threshold of 2 MHz, The trough, which has an foF2 equal to or less than 2 MHz (18) 23), was
not seen directly on the jonograms, and its presence has been inferred by ionogram interpretation. Schematic
A shows the plasma frequency contours which could produce the echoes in ifonogram A. The solar F-layer echo,
echo 1 in ionogram A, can be produced by ray path I in schematic A. Echo 111 can be produced by ray path
IIT which has been comstructed by assuming that a reflecting surface {s located north of Goose Bay at about
the 250 km level. Accordingiy, the 725 km slant range to echo I1I1 ir ionogram A corresponds to a northward
horizontal distance of about 650 km as is shown in schematic A, The reflecting surface has been assumed to
be the F-layer frregularity zone and has been represented in the schematics by a kink in the plasma frequency
contours, In schematic B the trregularity zone is closer to Goose Bay than in schematic A, while in schematic
C the distance between Goose Bay and the irregularity zone has not changed., These distances are consistent
with the slant ranges to echo IIT which are seen in fonograms B and C. The appearance of echo II in fonogram
C {s interpreted as indicative of the onset of the trough, The formation of the trough would be c¢xpected

S P




at this time because solar pruduction, which £ills in and smooths over the trough during daytime (26), has
almost ceased by now. The shape of the trough has been drawn by using Bowman's (24) trough contours as a
model with the exceptions that the troughs, which he saw during the IGY, were wider by a factor of 4 or 5
and deeper than the trough shown here. 1In ionogram D the absence of multiple echoes suggests that the
trough is passing near Goose Bay at this time cnd is causing defocussing. For this reason, the trough is
shown nearly overhead of Goose Bay in schematic D, Echo III is missing in ionogram D, One reason for
this may be aspect sensitivity of the reflecting surface or, as indicated in the schematic, Eg or absorption
may be blocking radio waves from reaching the irregularity zore. In schematic E ray path I1II is drawn
because ilonogram E may contain echo III. The trough has been drawn with about the same shape in schematic

F as it had been drawn in schematic D, Because ionogram F contains a very complex overlapping of echoes,
the interpretation given to these echoes in schematic F should be treated with caution. The appearance of

a multiple echo of echo 11, which up to now had teen oblique and did not display a multiple echo, suggests
that the trough has passed over Goose Bay and that Goose Bay is now located on the poleward side of the
trough, Echoes I and III are barely discernable in ionogram F but, after vxamining other ionograms which
were recorded at about the same time as this ionogram, the complex overlapping of these echoes has been
interpreted as seen in schematic F, That is, it appears that echo I has moved out in range since the time
that ionogram E was recorded; while echo IITI appears to have moved down in range since then.

3.3 MONITORING THE F-LAYER IRREGULARITY ZONE

In this section a new ionogram analysis procedure is presented, and examples are shown which demon-
strate how this procedure can be used to monitor the CG latitude of the southern edge of the F-layer
irregularity zone, A slant range plotter has been construcced so that the virtual heights of oblique
incidence echoes, similar to those labelled III in Figure 14, could be utilized in ionogram analysis and
not. omitted as they gencrally are, This plotter (shown in Figure 16) permits the virtual height of an
obligue incidence echo to be plotted versus the left ordinate; the CG latitude, which corresponds to an
ech, at this slant range, has been labelled on the right ordinate, Thus, the CG latitude of the F-layer
irregularity zone can be monitcred during the late afternoon and evening, when the irregularity zone is
far to the nccti of Goose Bay, by plotting tne virtual helghts of Echo III onto the slant range plotter.

A 250 km F-layer reflection height has been assumed for reflections which come from the F-layer irreguiarity
zone, Some error in determining the latitude of the southern edge of the irregularity zone may be intro-
duced by this assumption but it should not be greater than 10,5°., The slant renges to echo III in the
October 27 ionograms have been plotted on the slant range plotter in Figure 16. The squares indicate that
reflections fruom the irregularity zone were clearly seen at that particular time; while a series of squares,
connected by n line, indicates that the irregularity zone echo was seen on each ionogram recorded during
this period, The irregularity zone echo closely follows the southein edge of the oval, and the CG latitude
of the southern edge of the irregularity zone can be followed as a function of local time., The aircraft
contains a photometer and an auroral all-sky camera which were also operated but; because of partial cloud
cover on this night, the all-sky camera data cannot be used, The 5577& spectral line of the photometer
operated very well through the cloud cover and responded to the presence of aurora in the zenith at 2140 LT
(indicated in rigure 16 by an arrow). The onset of the F-layer irregularity zone overhcad is then closely
related to the presence of aurora in the zenith in the late evening sector, Bates (27) and Bates et al,
(28), studying the correlation between radio and optical aurora in the night sector, noted clese but not
exact spatial coincidence between optical aurora and HF aurcral backscatter, A study of the correlation
between radio and optical aurora was not intended here, but it appears that the F-layer irregularity zone

is closely related to thc F region which Bates has identified as the source of HF backscatter,

The slant range plotter for October 28, 1970 is seen in Figure 17, The letter b indicates the presence
of overhead blanketing Esa which did not permit the detection of oblique incidence F-layer echoes. The
presence of aurora in the zenith, noted by the arrow at 2000 LT, was again determined from the intensity of
the 55778 spectral line and it occurred about 1 3/4 hours carlier than on the previous night,

Similarly, the irregularity zone, indicated by squares, was detected earlier than on the previous night., Th=z
daily sum of the geomagnetic activity indices, Kp, on Oct.27 was ZXp=9 and onOct, 28 was IKp=22+, The difference
in onset times of tha irregularity zone on these two days can readily be explained by the differance in
magnetic activity on the two days. If one puts the slant range data for these days onto auroral ovals of
different Q value, then the reason for the difference in the cnset times between the two days can be seen
clearly. A Q=1 and a Q=3 oval were selected for the data of October 27 and 28 respectively, and they are
seen in Figures 18 and 19. The data points are plotted on a CG local time and CG latitude grid. In general
the data points fit che two different ovals quite well but, in Figure 19, there is a sudden departure of the
data points from the southern edge of the oval at about 17 to 18 CG time. This appears to be a real effect
because it was possible to follow an echo, similar to echo III in Figure 14, on each ionogram recorded
during this period. 1If the reflecting surface underwent an latitudinal oscillatjon at this time, it could
produce this effect. It appears then that the latitude of the southern edge of the F-layer irregularity

zone can be monitored by plotting the slant ranges to certain oblique incidence echoes onto the slant range
plotter,

3.4 CONCLUSIONS

A special analysis of vertical and oblique incidence F-layer echoes, seen on vertical incidence iono-
grams, was preserted. Results from the analysis suggest that the latitude of the southern edge of the polar
F-layer irregularity zone can be monitored, therefore, on the spot analysis of ground station ionograms from
Goose Bay, Labrador, can probably lead to a rcal-time or near real-time monitoring of the polar F-layer
irregularity zone for 6 to 8 hours of each day., Furthermore, the time when the main F-layer trough passes
over Goos~ Bay can be specified on each day., The close coincidence which was shown to exist betucen the
locaticon of aurora and the F-layer irregularity 7one suggests that the CG latitude of the southern edge of
the auroral oval, in the afternoon and evening sectors, can similarly be monitored,
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Figure 1. Flizht track of the flight of 14 December 1968 in geographic (left) and CG coordinates (right),
The Q=3 oval is indicated by heavy solid lines,
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Figure 3.

Figure 4.
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Virtual heights of Ega versus UT, npen circles; and slant ranges to the aurora versus UT, full
circles, connected by dotted lines. The encircled numbers are the numbers in the sequence of
18 latitudinal scans, The vertical double lines indicate the aircraft turns at the northern
or southern end of the scans. Upper part: slant ranges to the aurora, when actual height of
aurora is assumed to be 120 km above ground; lower part: slant ranges to the aurora when
actual height of aurora is assumed to be identical to the virtual height of Ega, measured when
aurora is overhead. The arrows on the abscissa mark the times when the ionograms and all-sky
photographs, shown in Figure 5, were recorded.
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Figure 6. Flight tracks of flights through the night sector of the auroral oval; thick dotted lines mark
the latitudes where night E (auroral E) was observed; black bars indicate the location of
maximum f,E for each latitudinal scan: a) 10/11 October 1969, b) 21 April 1969, c¢)12 and 14 Dec.
1969, d) 24 November 1970, e) 1/2 February 1371, f) 14 December 1968, and g) 5/6 February 1968,
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Figure 7, Flight tracks of crose-sections through the oval in daylight conditions. Latitudes vhere
enhanced foE was observed are marked by thick black lines; dotted sections are less certain,
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Figure 9. Contours of foE for the flight of 5 January 1970, 5
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Figure 10, Time variation of foE as experienced by a ground station moving, relative to the oval, through
a belt of E ionization,
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Figure 11, Aircraft flight route on August 22, 1970 is drawn on a CG latitude and CG local time grid. The
night sector of the Q=2 auroral oval {s indicated by heavy solid lines. A sequence of airborne
fonograms, recorded at the positions marked by letters next to the flight route, is shown,




416

600

L
[ ]

500 o )

RANGE (km)
IS
o
=

L]

300 %

! A B C D E
0920 0940

T

aeia

1000 1020 UT

Figure 12, The slant range to the extra echo seen in the airborne ionogram sequence is plotted versus
universal time, The letters refer to the aircraft's position.
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Figure 13, The y=3 auroral oval is pletted on a grid of CC latitude and CG local time, and the location of
Goose Bay is indicated by tiiangles.
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Goose Bay on October 27, 1970 is indicated by squares, An arrow indicates the onset of aurora
in the zenith at Goose Bay.
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Figure 17, The slant range to the southern edge of the auroral oval from Goose Bay is plotted as a heavy b
solid line versus 60°W local time. The slant range to the F-layer irregularity zone from ;
woose Bay on October 28, 1970 is indicated by squares. An arrow indicates the onset of aurora
in the zenith at Goose Bay,
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Figure 18, The latitude of the southern edge of the F-layer irregularity zone on October 27, 1970, indi-
cated by squares, is plotted on a CG latitude and CG local time grid. The Q=1 oval is indi-
cated by heavy solid lines,
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: Figure 19. The latitude of the southern edge of the F-layer irregularity zone on October 28, 1970, indi-
3 cated by squares, is plotted on a CG latitude and CG local time grid. The Q=3 oval is indi~
1 cated by heavy solid lines. The letter b indicates the presence of blanketing Esa.
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SESSION 1

POLAR MORPHOLOGY

CHAIRMAN’S REPORT

by T.Hagfors

The review paper given by T Hartz was concerned with the pattern of particle pre-
cipitation in the polar regions. It was pointed out that it is still somewhat
uncertain whether the precipitation pattern really is in the form of an oval or in the
form of two horshoes with a break in between. Three characteristic regions were
described, One region occurring during the daytime has & maximum at noon a widespread
pattern and rather continous precipitation., This daytime precipitation was thought to
be caused by influx from the magnetosheath or from injected solar wind particles. The
night zone also falling along the auroral oval shows a different behavior in that the
precipitation is local and rather impulsive. In addition tc these zones a third was
identified, equatorward of the auroral oval, having a maximum in the early morning.
This zone was thought to be associated with trapped radiation.

Manifestations of auroral activity, such as luminosity, hiss, enhanced ionization,
absorption etc. were then related to the various types of precipitation. A missing
ingredient in this excellent paper, in the reviewer's opinion, was the association
of the particle precipitation picture with the generation of electric fields which
plays such a dominent role in the excitation of E-region irregularities giving rise
to radar aurora.

G.Gussmann presented tw papers describing the investigations of the auroral ionosphere
using both ground-based and air-borne ionosondes. It was shown how well the data
obtained fall into a consistent pattern when they are ordered according to the various
Feldstein ovals selected according to magnetic activity as measured by Q. It was also
shown how the position of the trough can be monitored by analyses of ionosond data.
Finally & discussion was given at the seemingly impossible task of modelling the polar
ionosphere for ray-tracing purposes.

Js 0. Thomas presented a very interesting paper on the studies at ionization processes
over the polar cap based on topside sounder data. It was pointed out that the
dependence of ionization on solar zenith angle found at middle latitudes break down
over the trough and that the layer profile becomes distorted. A discussion was also
given of the production mechanisms for ionization well within the polar cap in teras
of photo-ionization and particle precipitation.
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DISCUSSION

E Shearman

Would Dr Gassman define the parameter "Q" made use of in Feldstein's auroral oval
concept?

G J Gassmann

Feldstein adopted and modified the definition of "Q" for characterising fast variations
of magnetic activity in arctic regions. "Q" was originally proposed by Bartels and
defined from the horizontal compcnents of magnetograms of all auroral zone stations.
Feldstein'srintuitive decision was to utilise only those stations within the auroral
zone which at a particular UT happened to be located near local magnetic midnight.

The editor

A question was raised on how the L parameter and invariant latitude is defined. The
following is a synthesis of the answers given. Further reference is given to CE
McIlwain JGR 66, 3681, November 1961 and CE McIlwain in the book Radiation trapped in
the earths magnetic field, edited by BM McCormack, D Reidel publishing Co, Holland 1966.

The L parameter is a very useful coordinate for ordering particle data. Many features
of the polar ionosphere are closely related to particle precipitation and should be
described relative to the same coordinate.

A chargal particle that is trapped in the geoumagnetic field will bounce along field
lines, between mirroring points, as it driftsin longjitude. The trajectory of the
particle will form a closed"magnetic shell". Other particles observed on a field line
in this shell, will to a good approximation be trapped in the same shell.

L. is a parameter by which we can label all points in space by a number that is unique
for each shell, it is constant along a field line. For a dipole field this can be done
exactly. L then gives the distance from the centre of the dipole to the equatorial
crossing of the field line. For a more realistic field model the parameter is approx-
imate. Near the magnetopause or the tail region the parameter is practically meaning-
less.

Invariant latitude is defined by the relation coslA = ﬁ%

T Hagfors

The propagation of radio waves in the E and possibly the F-region is often greatly
affected by the presence of small scale irregularities which are thought to be closely
related to the presence of DC electric fields. What if any is the relationship between
the particle precipitation and the origin of these electric fields?

T R Hartz

Data on electron density, density gradients and irregularities are much more numerous
than data on electric fields. Electric field data do exist but not in sufficient
quantity to get a statistical picture yet. Ionization movement depend on electric field
among other parameters but the full nature of this dependence is not yet well establi-
shed.

K Toman

1 noted a difference\?etween the crescent shape ionization trough shown by Thomas end
the distribution of an ionization minimum shown by Hartz in paper 1 for a height of
900 km. 1s Hartz's contour to be considered & portion only of the crescent shape
trough?

J 0 Thomas

I have not compared the data of Hartz with mine in great detail but from the slide shown,
and previously published work I do not believe therc is any difference. Of course the
precipitation shown by Hartz on the night side will extend into the trough region. 1In
other words even in the trough there may be an ionization source from particles.
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A Egeland

The 6 keV particle data (cf paper 10) show marked discontinuities with morning and eve-
ning during low to medium magnetic activity, indicating that the auroral luminosity can
not easily be fitted into a Feldstein oval. However, the 40 keV trapping boundary is
homogeneous around the pole. Based on these facts I would like to ask two questions:

1) Are Eg-layers mainly caused by 6 or 40 keV electrons?

2) Would it not be better to refer the Eg data to the 40 keV trapping boundary in-
stead of the Feldstein oval?

G J Gassmam

The auroral sporadic E (Egg) is probably not directly caused by any precipitation but
is due to irregularities induced by the electrojet.

It must be emphasized that there are, without doubt, several superimposed precipitation
patterns in the Arctic. One of basec importance occurs definitely in form of an oval
and is likely produced by the fact that the magnetic field lines in the auroral zone

are diurnally opened and closed. Related Lo both the oval and to the 40 keV boundary
are precipitation patterns of semi-circular shape (along constant magnetic latitudes)
which are very likely produced from temporarily trapped particles. These precipitations
cause absorption and night-E. 1Inside the oval occurs a highly diversified precipitation
from open field lines. The 6 keV precipitation reported in Egelands paper appears to

be singular part of the latter.

J O Thomas

1 keV electrois will penetrate to about 150 km in the ionosphere. Roughly 6 keV elec-
trons are associated with the optical aurora observed near 100 km. Thus the Feldstein
oval may well correspond with enhancements of the ionization in the E and polar spo-
radic E lavers. liowever, in the F region enhanced ionization in the polar ring extends
considerably North and South of the Feldstein oval and is associated with soft electron
precipitation (about 1 keV).
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POLAR PROPAGATION EFFECTS ON VHF-UHF RADARS

Walter G. Chesnut
STANFORD RESEARCH INSTITUTE
Menlo Park, California, U.S.A.

ABSTRACT

The effects upon VHF-UHF radar of concern in this paper will be wave distortion caused by wave inter-
action with E- and F-region auroral ionization. The two primary e¢ffects are auroral backscatter--called
auroral clutter--and forward scatter that leads to amplitude and . igle scintillation. Almost all such
effects are caused by small-scale size fluctuations in electron density-~-sizes on the order of tens of
centimeters to meters where backscatter 1s of concern--hundreds of meters to several kilometers where
amplitude and angle scintillation are of concern,

The most important development in recent years has heen the emergence of a variety of instability
concepts that seem capable of explaining the production of ionization 1irregularities or structure that 1s
needed to interpret disturbed polar radar propagation, Most promising is the fact that these concepts aid
1n understanding morphological relations that have been empirically derived over many years.

The paper reviews recent results of pulse-radar-backscatter studies from aurora and describes how
these data seem to fit 1n with new theories of irregularity production, Aurorally produced radar tracking
and amplitude scintillation are discussed. Some results from aurorally disturbed monopuise tracking of
satellites will be presented.
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1. INTRODUCTION

For more than 20 years it has been known that radar propagation in polar regions is affected by
aurorally produced ionization. The earliest effect discovered--and the most thoroughly investigated--is
auroral radar clutter, sometimes called radio aurora, radar aurora, auroral-radar reflections, auroral
echoes, e¢tc. Perhaps the first investigation of the phenomenon was by Harang and Stoffegren (1940),
though Stormer (1955) does mention unexplained long-delayed radio echoes reported in the late 1920s,

Studies of radio star scintillations since the early 1950s have indicated that radar signals can be
affected by transmission through auroral ionization. The earliest systematic radar transmission measure-
ments were performed by reflecting radar signals from the moon (James et al., 1960). Radars that have suf-
ficient power and sensitivity to make measurements of auroral effects c¢n tracking of satellites and space
vehicles are extremely expensive and have until very recently been unavailable to the propagation research
community. Much of what we currently know about radar transmission through the auroral ivnosphere has been
learned from studies of one-way radio star and satellite beacon transmissions. Most of this work has been
carried out at frequencies below 150 MHz, which makes extrapolation to the higher frequencics of primary
concern in this study somewhat uncertain.

This paper is organized as follows: In Section 2 we very briefly discuss aurorally produced radar
noise. Such noise can, in principle, degrade the detection sensitivity of radar receivers if the noise
indeed exists., In Section 3 we discuss auroral radar reflection phennmena. The first part of Section 3
vill describe what we believe to be the current state of experimental data. Most of the work of recent
years has been concerrn=2d with relating experimental observations to various theoretical models; the latter
half of Section 3 will be devoted to a summary and analysis of such relationsihips. Section 1 will be de-
voted to recdar transmission effects, These can be characterized as amplitude scintillation, angular scin-
tillation, spatial coherence at the receiver antenna, angular spectra, etc. Our concern is primarily with
the ways in which tracking radars will operate in the auroral environment,

2, AURORALLY PRODUCED VHY/UHF NOISE

Aurorally produced radar noise was the subject of several papers in the early 1950s, Forsyth et al.
(1949) and Forsyth et al, (1950) present discussions of experiments they thought had detected auroral
radiation at 3000 MHz. Hartz et al, (1956) report detection of auroral noise at VHF. Later, Hartz (1958)
seems to have detected auroral radiation at 500 MHz, Egan and Peterson (1960) claim to have detected
auroral radiation at 3C MHz and ascribe this to synchrotron noise produced by trapped electrons, VLF fre-
quency noise emissions also have been observed and studied--but they are not of 1mmediate concern here,

To the best of our knowledge there do not seem to be other more recent detections of aurorally-produced
vadar noise. The early observations, except those at 30 MHz, do not seem to have been confirmed by others,
It is our belief tnat these early detections may be attr.butable to other causes than simple auroral emis-
sions. We do not intend to review this subject; however, we present the following, abbreviated status re-
port on possible noise-source mechanisms,

There are three mechanisms kiown to this writer that could produce noise. The first i1s thermal emis-
sion from the auroral ionization, By Kirchoff's law (of thermodynamics), if a region absorbs energy it also
emits black-body radiation, with its emissivity at cach frequency equal to the absorbtivity at the same fre-
quency.‘ 1f one 1s concerned with frequencies above 150 MHz, 1t 1s very difficult to produce auroral ab-
sorption of sufficient magnitude that the resulting black-body thermal emission can be significant compared
with cosmic noise background. For example, to obtain significant absorption at a frequency of 100 MHz at
an altitude of 80 kn, electron densities 1n excess of 106 per cubic centimeter are required. More than
1 X 107 ¢l emd are needed at an altitude of 100 km to produce significant absorption., These densities are

excessively high--by nearly one order of magnitude.

A second noise source 18 synchrotron radiation produced by aurorally-trapped radiation, The most

significant source cver of near-earth synchrotron radiation was produced by the Star Fi1sh high-altitude
nuclear detonation 1n 1962 (Dyce and Horowitz, 1963). High-energy beta rays with cnergiles as high as
several MeV (Peterson and Hower, 1963) were produced by beta decay of the fission products of the nuclear
device. These high-energy electrons vere trapped in the earth's magnetic tield.  Their gyration around
magnetic field lines produced synchrotron radiation at HF and VHF. Though the Star Fish synchrotron noise
at frequencies from 30 MHz to 120 MHz was recadily detected by equipment located at the cquator, when the
synchrotron noise spectrum was extrapolated to haigher radar frequencies, 1t became less than the natural
cosmic sources, Therefore, from a practical radar-system poant of view the Star Fash synchrotron radia-
tion would not seem to be a sigrificant noise source, yvet the trapped Star Fish electron-energy spectrum
and 1ntensity were many times more favorable to producing synchrotron notse than is the trapped auroral
spectrur and intensity. It 1s concluded (Peterson and Hower, 1963) that synchrotron radiation 18 not a

signmificant radar problem 1n polar regrons,

Ll
Strictly speaking, Kirchotf's law applies only to systems that are an thermodynamice equilibrium,  Auroral
1on1zatiron may not satisfy this requirement well enough to validate our arguments--but no one seems to

have pursued this question,
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A third source of radar noise could be electromagnetic radiation from excited plasma instabilities
in the auroral ionosphere. We know of no theories that suggest radiation at frequencies much above the
ionospheric plasma frequency, which we doubt ever exceeds sev2ral teng of megahertz. We suspect that
auroral emissions due to cooperative phenomena (plasma oscillations) in the auroral ionosphere do not exist

at VHF and UHF. !

With the exception of synchrotron noise at 30 MHz (Egan and Peterson, 1960), we are not convinced that
tre noise detected at higher frequencies and reported in the references listed above was indeed produced by
auroral phenomena, It seems more likely to this reviewer that the experiments detvected radar interference
propagated by way of auroral refléctions; a phenomenon not known to exist for UHF frequencies in the early
1950s,

3. AURORAL RADAR REF LECTION

Reflection of radar and radio signals from the aurora have been observed for many years. Measure-
ments have been made using pulse-backscatter radar, bistatic CW radar, and bistatic reception of signals
of opportunity. Each technique has its own particular features that commend it. Much experimental work
has shown that radar reflections are far more intencte at lower frequencies in the HF band than at the
higher VHF/UHF frequencies. Dr. H. B. Mdller will be reviewing polar propagation effects on HF radars.
Therefore we shall confine our attention generally to frequencies above 50 MHz except where lower-freguency
data are pertinent, Dr. T, R. Hartz will be reviewing the morphology of radio-radar polar propagation
effects, Therefore we shall not be concerned with this general subject. Our principal concern will be
with the cetailed characteristics of the observed radar reflections, The relationships between regions
where radar waves reflect and regions where other auroral phenomena occur will be studied. Finally, we
review information about the reflection environment thet provides us with a better understanding of the
underlying physics.

3.1 Current State of Experimental Observations

For radar frequencies above 100 MHz and possibly above 40 MHz, it is believed that reflections result
from scattering of radar waves from fluctuations in electron density generally in the E region and lower F
region. In the early period of study of auroral reflections, it was suggested that reflections could be
due to regions overdense to the radar frequencies that were used at that time. This explanation is un-
tenable at frequencies above 100 MHz. Current opinion seems to be that electron densities in the auroral
scattering regions seldom exceed 107 electrons per cubic centimeter--which is overdense to frequencies up

to 28 MHz.

When it is important for presenting experimental results, we shall assume that observed scattering is
due to underdense reflections from spatiai fluctuations in electron density as originally proposed by
Booker (1956)., We have likened this to Bragg scattering--which means that if there are density fluctua-
tions present with spatial wavelengths that are equal to one-half the radar wavelength, then backscattering
takes place. The conditions for bistatic scattering, we assume, also require that the Bragg condition be
met for the particular geometry.

3.1.1 Aspect Sensitivity

Basing his hypothesis on the shape of visual aurnral forms, Chapman (1952) suggested that
radar reflections from aurora should be strongest when the propagation path into and out of the refracting
region satisfied the specular condition with respect to the earth’'s magnetic field. For backscatter radars
this condition means that the radar beam-line makes a 90 angle with respect to the earth's magnetic field
in the scattering volume. We speak of the angular variation with respect tou the magnetic specular angle
(90 in backscatter) as the magnetic aspect angle. Si'uUsequent work has shown that Chapman's hypothesis
was indeed borne out by experiments, The extreme variation of reflected power with variations 1n aspect
angle that we now find was not dreamed of in the early 1950s.

The experimenter has at least three different ways that he can organize his data to demon-
strate the magnetic aspect sensitivity of auroral-radar scattering. The first of these 1s to measure radar
signal atrengths at a variety of aspect angles over a long period of time and hope that every region that
he samples experiences, on the average, the same auroral excitation conditions as every other region, He
can then plot the average received power as a function of aspect angle to provide a measure of aspect sen-
gitivity, Figure 3.1 shows some data obtained by Chesnut et al, (1968) organized 1n this way. The curves
of average power versus aspect angle presented in Figure 3,1 are flattopped, or even dip slightly at zero
magnetic aspect. This result would seem to arguc that strongest echoes do not come from region: of exact
magnetic perpendicularity. We believe that signals should be strongest when exact perpendicularity is
achieved. To preserve this concept of aspect dependence, it 1s hypothesized that aurora distorts the mag-
netic field sufficiently to move the perpendicular regions around.

When aurora is weak, the magnetic field 1s undistorted, so echoes are obtained from regious
of zero aspect angle (exactly perpendicular to the undisturbed field), As the intcnsity of the magnetic
disturbance increases, the magnetic field becomes distorted, so new regions, formerly somewhat off perpen-
dicular, now become regions of microscepic perpendicularity. Because the magnetic disturbance 1s stronger,
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ccho amplitudes are stronger. Thus, we believe that the data in Figure 3.1 represent some sort of convolu-
tion of a steep aspect dependence with distortions of the earth's magnetic field in the scattering region
during periods of magnetic disturbance.

The radar that obtained the data presented in Figure 3.1 was located such that undisturbed
m: gnetic perpendicularity of the radar beam line at 110 km altitude--where most echoing takes place--
ocu'rs on magnetic azimuths restricted to within +10° of magnetic north. If Farley's (1963) two-stream-
‘{.stability hypothesis is correct (see Section 3.2), and if auroral Hall currents flow mostly east-west
in the most intense scattering regions, then scattering from fluctuations induced by the two-stream in-
stability is discriminated against in regions of exact perpendicularity by the geometry of the experiment
that produced the data of Figure 3,1, On the other hand, the same equipment also produced data that con-

tradict this latter hypothesis,

A second way to organize aspect-sensitivity data is to observe auroras over a long period
of time and plot the data on the basis of frequency of occurrence versus aspect angle. Figure 3.2 from
Chesnut et al, (1968) shows data organized in this way. These data show that echoes are most likely in
regions of near perfect orthogonality, It 's suspected that the offsets of the center of symmetry of the
data of Figures 3.1 and 3.2 with respect to 0° result from a less than perfect magnetic field model, With
the data plotted in this way, Figure 3.2 does not show the flattopped behavior evident in Figure 3,1.

A third way of studying magnetic-aspect sensitivity is to observe the scattering intensity
of a single aurora whose environmental properties seem the same over many aspect angles, Data obtained in
this way probably are indicative of the microscopic aspect-angle dependence of auruvral scattering. These
data tell us the scattering angular dependence with respect to the local magnetic field, whether or not
the field is distorted. These data are, then, the best to use for comparison with theories that purport
to predict the nature of ionization irregularities responsible for scattering.

Data of this kind were obtained by Barber et al, (1962), Their data are presented in Figure
3,3.‘ Theue data suggest that at 500 MHz, the aspect-angle dependence is about 10 dB per degree to off-
specular angles as large as 2 . Note that the data were obtained from various magnetic azimuths, The
aspect sensltivity does not show an obvious dependence on beam direction with respect to direction of
auroral electrojet current flow.

Leadabrand et al., (1965a) have studied asvect sensitivity in this way at 401 and 800 MHz.
Their measurements include 0 aspect angle, These measurements did not show a zero slope behavior when
they were made very close to exact perpendicularity. The angular dependence of aspect sensitivity of their
measurements 1s very similar to that obtained by Barber ¢t al, (1962),

Measurements of the frequency dependence of aspect sensitivity are very difficult to accom=-
plish., Leadabrand et al, (1965a) find only a small difference between 101 and 8OO MHz. Chesnut et al.
(1968) claim that the microscopic aspect dependence 1s only very weakly dependent on radar frequencies
from a frequency as low as 50 MHz, to 3000 MHz, Bates and Albee (1969b) have found that in order to ex-
plain obligue-backscatter data, the aspect sensitivity at frequencies between 4 MHz and 40 MHz must be
nearly as steep as that measured by Chesnut ¢t al, at frequencies of 50 MHz and higher, Combining these
results would tmply that the reflected radar power decreases ftrom 5 to 10 dB per degree off of microscopice

perpendicularity at almost all radar {requencies.

In order to explain their results, Bates and Albee invoke 1onospherice refraction as do
Chesnut et al,, to obtain therr H50-MHz aspect data.  Statistical data obtained by Leadabrand ¢t al, (19653)
at 30 MHz anitially implied very weak aspect sensitivity,  Unwain (1968) has shown hos that data amply very
steep aspect sensitivity when aonospherice refraction effects are ancluded, 1f Unwin's conclusions are ac-
cepted, then the Leadabrand data at 30 MHz would be consistent with the extreme aspect dependence that

Bates and Albee, and Chesnut et al. olam,

MeDrarmid and McNamara (1967) have studied statistical occurrence of auroral reflections
al 50 MH/ and have concluded from their data that reflection strengths decrease by 10 dib for aspect-angle
changes of 20 . rather than 10 dB for 1 as do the other observers.  Data by Dyce (1935) at 51,9 MHz amply
a steeper dependence than do the duata of MceDiarmid and MeNamara but neitther of these experiments has been

evaluated i1n light of 1onospherice refraction and D-regilon absorption,  This reviewer s of the opinton that

Do 2

the very steep aspect dependence of 5 to 10 dB per degree applies to nearly all frequencies, but he cannot
absolutely prove 11, The data of MeDiarmid and MeNamara could be responding in fact to a phenomenon not

detected by the other experiments,

Note: lhe authors state that the data labeled in the tigure as cross-polarized scattering are an tact not
due to cross polarization,  Rather they state that their cross-polarized feed was ampertect, and responded
to the parallel polarization with 9 dB attenuation and theretore acted as a second, parallel-polarization-
measurement channel with reduced sensitivity,  Measurements by Leadabrand (1965a) of the cross-polarized

seattering at 400 Mz shows that this cross-polarizea component 18 typically 20 dB weaker than the direct

polarized component,
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The magnetic-aspect sensitivity has been measured at 400 MHz out to angles as large as 8°
(Jaye et al., 1969). These data, presented in Figure 3,4, were orgenized by computing average signal
strength as a function of quiescent-magnetic angle, as were the data presented in Figure 3,1. For compari-
son, Figure 3,4 also presents 398-MHz measurements obtained near zero-magnetic aspect that have been
organized in two ways by Chesnut et al, The broad curve with a dip at zero degrees was obtained simul-
taneously with the 139- and 850-MHz data of Figure 3.1--but not plotted there, to avoid cluttering that
figure. The line sloping downward from 0° to +1,7° was obtained by dissection of a single auroral arc in
a manner that is similar to that used by Barber et al, and presented in Figure 3.3.

The two-stream instability of Farley (1963) suggests that the scattering strength of radar
aurora depends not only on the microscopic magnetic-aspect angle, but also on the direction of the radar
beam line with respect to the auroral electrojet in the scattering region, The auroral electrojei is an
extremely complex phenomenon; it is not clear how experimental data can be organized in a manner to

evaluate this potential dependence. Under the assumption that the auroral electrojet flows generally ]
east-west at the altitude of maximum auroral clutter, one might expect that the intensity of auroral 4
echoes would show a dependence on the magnetic azimuth of the radar beam. Jaye et al. (1969) have plotted 4

average signal amplitude for various aspect angles as a function of azimuth. These data are shown in
Figure 3.5, 4

At the larger off-perpendicular angles, those greater than 5.5', the data of Figure 3.5 do
suggest an azimuthal dependence that seems consistent with the Farley hypothesis, though the weakness of

the variation leaves us not completely convinced that the data prove the Farley hypothesis,

3.1.2 Frequency Dependence

Many authors have published results of experiments that were designed to determine frequency
dependence ol auroral-radar backscatter, Generally the scattering strength of radar aurora is very much
greater at low radar frequencies than at higher frequencies., Auroral-radar returns have been observed as
high as 3000 MHz (Leadabrand et al., 1967b), 3

Early radar measurements of aurora were generally confined to frequencies below about 100

MHz. Early frequency-dependence experiments were attempts, in the main, to determine the peak electron
density in the scattering regions. It was believed that electron densities in the auroral E region could J
be as great or greater than 107 per cubic centimeter, A rather sophisticated analysis was performed by i

Lyon and Forsyth (1962) utilizing bistatic radar measurements obtained simul taneously at frequencies of

42, 60, 82, and 104 MHz. Their analysis led them to conclude that the auroral scattering environment was
sometimes overdense at 42 MHz (which requires 2,25 X 107 el’cms)
at 104 MHz (which requires more than 108 el le!)_ Zxtreme heating of the ionosphere would result from the

and very occasionally was overdense even

excitation necessary to produce these very high electron densities. Chesnut et al. (1968) compute heating
rates of 200" K per second to maintain a density of lOB. The temperatures of aurorally-excited ionosphere,
as deduced from optical-rotational-spectral measurements, would be much greater than are actually observed,
Other kinds of measurements, both ground-based optical and 1n-situ rocket measurements never scem to find

electron densities this high,

Moorcroft (1966) has reviewed the data of Lyon and Forsyth (1962) using various plausible
models of "blobs” of overdense plasma. His reexamination leads him to deduce that the data cannot be
reasonably interpreted as indicating the presence of electron densities that are overdense at 40 MHz or
higher.

ks

Flood (1965) has made pulse-backscatter measurements using scaled anterina beams at fre-
quencies at 49,7, 143,5, and 226 MHz, He related his signai: itrengths at pairs of frequencies by a power

of the wavelength ratio, In this way, then, the ratio of signal strength at 143.5 MHz to that at 49,7 MHz ;
was usually about '.‘;'5 to ‘.“'7. Likewise when he observed echoes at 226 MHz, implying a strong aurora, he
found a wavelength dependence of ,-.6‘5.1"’. During times o{ extremely strong aurora, he found instances of

12,9°1,2

the ratio of 226 to 143 MHz as steep as

It has recently been recognized (Unwin, 1968, Chesnut et al., 1968, and Bates and Albee,
1969b) that refraction can play a significant role 1n measurements of magnetic-aspect angle, Refraction
changes the radar-beam angle 1n the scattering regions so that the aclual magnetic-aspect angle at HF and
VHF 1s not the angle that 1s computed 1n the absence of refraction. As a resuly, the interpretation of
stgnal strengths at these lower frequencies can become somewhat uncertain, The role that D-region absorp-
tion plavs 18 also quite uncertain, although 1t is known that the one-way vertical absorption at 30 MHz
can at t:imes cexceed 10 dB as measured by a riometer., tor a round-trip, oblique path this absorption might
be sagnificantly ancreased by increased path length and might affect frequencies as high as 100 MHz., As a
result, 1t 1s dufficult to know how to anterpret HF and low VHF radar echo intensities in terms of the

scattering environment,

fhe hypothesis that regions of the 1onosphere are overdense to 50-MHz frequencies would have
profound effects on the HF measurements of Bates et al, (1966). For densities greater than this, their
oblique, HF measurements would give detectable echoes to their highest frequency, which 18 64 MHz, Bates
(private communication) has indicated that he vartually never sees auroral b echoes to frequencies this

high.
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The first attempt to measure the frequency dependence at higher, UHF radar frequencies was
carried out by Presnell et al, (1859), A later study by Leadabrand et al. (1965) employed frequencies of
401 and 800 MHz, and scaled antenna beams. More recent work (Chesnut et al., 1968) has extended the fre-
quency coverage to frequencies of 50, 139, 398, 850, 1210, and 3000 MHz, For practical engineering
reasons, scaled antenna-beam patterns could not be used in this latter experiment, In order to deduce
frequency dependence of auroral scatter, Chesnut et al. assumed that the scattering layer was on the order
of 8 km thick in the vertical direction, It was found that the scattering intensity as a function of fre-
quency cen be well fitted by the following analytical form:

—f/fo
P(f) = Po e 0 (3.1)
The quantity f is called the "scale frequency.”

Figure 3.6 presents volume-scattering coefficients versus radar frequenci the five
lower frequencies as measured by Chesnut et al, This particular data set was obtained ry special
aurora (long, stable-radar arc) that they claim enabled them to correct for refractio t 50 MHz,
That refraction definitely plays a role at 50 MHz was demonstrated by the fact that 5 1 was ab-
sent or very weak in the region of the radar arc where the magnetic-aspect angle was ( ¢ higher,

unrefracted frequencies gave the greater signal return,

On some occasions auroral echoes were obtained at 3000 MHz, but they were so very weak that
the measurement of signal power necessitated 1 minute of integration, Figure 3.7 presents results of the
frequency dependence measured when 3009-MHz echoes were observed. Also shown in Figure 3,7 as a dashed
line are the data of Figure 3,6. We note that the general slope of the plot is more gradual for the data
set containing 3000~-MHz echoes. These data indicate that the frequency dependence of auroral-radar scat-
tering is not constant in time.

A set of 36 separate measurements of the frequency dependence of auroral hackscattering,
using the four intermediate frequencies (139, 398, 850, and 1210 Miz) were fitted by Eq. (3.1), A histogram
of the scale frequency for values is presented in Figure 3.8. The data of Figure 3.7 gave a scale fre-
quency of 220 MHz, which value is not shown in Figure 3.7, since the determination was obtained in a dif-
ferent manner than were the data for Figure 3,7. More recently, study suggests that the data set from
which the histogram of Figure 3,7 was obtained were prebiased by the way data were selected,

We suggest that the scale-frequency concept, which always seems to fit the data of Chesnut
et al., has utility as an analytical fit to the frequency dependence of auroral-radar reflections, But
the origin of variations in scale frequency, and its correlation with other geophysical phenomena, are
unknown at this time,

The work at lower frequencies by Lyon and Forsyth (1962) and by Flood (1965) suggest very
much steeper frequency dependence than was found at higher frequency by Chesnut et al, In fact the data
quoted by Flood produce ''scale frequencies” of between 12 and 30 MHz, rather than the value of 126 MHz
found at higher radar frequencies., This freauency-dependence work may imply that there are at least two
separate mechanisms that operate to produce the structured ionization from which radurs scatter. This re-
sult may also imply that there is curvature to a proper fit to the frequency dependence that is not well
detected by Chesnut et al. (1968). If there are two mechanisms, then one mechanism could produce a very
steep behavior at HF and VHF--and another produces less steep behavior in the higher UHF band. “This latter
deduction is reinforced by the fact that the data of Chesnut et al. (1968) do extend into the VHF region--
and show, for their particular observation, a shallow frcquency dependence 1n contradiction to Flood' s

results over the =ame frequency intervai,

There has been no explicit correlation of the frequency-dependence measurements with the
nature of the radar aurora; using the nomenclature of Unwin (1959), these are diffuse, diffuse with struc-
ture, shoit discrete, and long discrete, Unwin and Knox {(1968) alsn suggest that different mechanisms may
be involved in producing these different kinds of radar aurora.

JL 1.8 Relationship to Other Auroral Phenomena

A variety of auroral phenonena have bheen correlated with radar aurora. An excellent summary
of gross correlations between radar and other auroral phenorena 1s given by Leadabrand (1964), we do not
intend to review all such relationships, Some relationships are of particular interest because they may
reveal the basic nature of the scattering environment, Generally, when geomagnetic activity is high, all
auroral phenomena are active, So there is a statistical relationship between all auroral phenomena, in-

cluding radar aurora,

Our concern here 1s with the detailed relationships of collocation in space and time, 1n
particular we are interested in the correlation of radar echoes with visual aurora, with satellite-measured
particle precipitation, and with surface-measured magnetic-field fluctuation, since all of these may (or
may not) be related to the immediate scattering environment., The satellite data are just beginning to be-
come available, 1t is expected that soon there will be extensive results of these programs,

e
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The first apparent attempt to compare radar and visual aurora was performed by Bowles (1955).
In this study he tried to relate the shape of radar aurora at 106 MHz to the shape recorded in photographs
taken from his radar site, Briefly, he found no reliable correlation between the shapes and locations of
visible and radar aurora. Also, there was no correlation between the presence and absence of either
k phenomenon anywhere in the sky.

A rather significant statement in his report (Bowles, 1955) is that whenever radar aurora
was present, he could see the shadows of trees in his photographs. ¥hen radar aurora was not present, the
trees could not be seen. The deduction was that when radar aurora is present, there exists (in the night-
time anyway) some diffuse visual glow--perhaps without well defined features.

Bates et al, (1966) have also attempted to correlate the location of visual and radar
aurora, Bates claims that he very often finds near-collocation of optical and HF radar echoes on the
night side of the auroral oval, but that more often than rot the radar echoes seem to be adjacent to,
rather than superposed upon, the visual forms. However, he does have one case of collocation within his
range resolution. This work was performed using measurements from all-sky cameras (Bates et al., 1966)
assuming a height of visual aurora of 100 km. A separate study (Bates, 1969a) used photometric triangulation,

Chesnut et al. (1968) have attempted to relate visual and radar aurora, In their technique
§ they triangulated between two all-sky cameras tu find the location of visual auroral features, A great
variety of cases existed with raaar but no visual aurora present, and vice versa. On a few occasions,
radar and visual aurora were simultaneously detected and produced patterns as in Figure 3.9. The data
were obtalned with sufficient care that the nonoverlap of the two phenomena is considered real.

i We conclude that there is no obvious relation between bright, visual auroral features such
1 as one detects on all-sky photographs. On the other hand, it does nct appear that a careful correlntion
study has been made to determine if any detectable luminosity is present in regions that do scatter radar
waves buu in which there is no obvious, bright visual aurora. Bowles (1955) does claim that nighttime
radar aurora was seen only when his photographs revealed some sky glow, though he does not appear to have
performed a systematic study.

The geometry of radar and visual arcs being observed simultaneously adjacent to one another--
but not superposed--as shown in Figure 3,9 and as reporied by Bates et al, (1966) and Chesnut ¢t al, (1968)
may have implications regarding the two-stream instability hypothesis of Farley (1963), It 1s known
(Wescott et al., 1970; Aggson, private communication) that electric fields tend to be larger adjacent to,
but outside c¢f, visual auroral arcs. Since the Farley two-stream instability is produced by electric
fields~-not ionospheric currents that are known to flow 1n visual arcs-~-these data help support the two-
stream-instability concept,

It has been proposed (Chesnut et al,, 1968) that when auroral activity becomes very intense,
electric fields inside visual arcs may exceed the Farley threshold. In this case, since electron densities
are higher inside of arcs, it is likely that the strongest radar aurora would coincide with visual phenomena.
During these dynamic, auroral periods it i1s exceedingly difficult to obtain meaningful radar visual corre-

1 lations, so that no data are currently availlable,

The correlation of radar cchoes with the location and intensity of precipitating particles
has been studied by Leadabrand and Hodges (1967a), Chesnut, Hodges, and Leadabrand (1971--in preparation),
Hagfors (1970), and Bates et al, (1969a). Lecadabrand and Hodges (1967) found no radar echoes on several
satellite passes during which no precipitation was measured above the satellite’s particle-detection
threshold. On one satellite pass, auroral radar echoes were observed at 139 and 398 MHz. The location of
the radar echoes seemed to correlate best with the location of precipitation of electrons with energies 1
greater than 2 keV. A region where l-keV electrons were precipitating and a broad region of proton pre-
cipitation did not correlate well with the UHF radar echoes,

Chesnut, Hodges, and Leadabrana (1971) have compared locations of auroral radar echoes with
peaks in energy deposition by electrons and protons for 14 satellite pusses. The encergy deposition was
computed by multiplying particle flux by average particle energy. During thrve passes, auroral activity
was very high and radar aurora was present almost everywhere i1n the surveillance region, During the 11
other passes, radar cchoes and precipitation-eneryy pcaks were sutficiently confined that meaningful re-
lationships could be sought,

Chesnut et al, (1971) have found that peaks iIn proton precipitation were never collocated

3 with peaks in radar returns., Peaks 1n electron energy deposttion tended not to he collocated with radar
returns, though there were some examples of superposition. Significantly, though, wherever there were

radar returns, it was inferred from the satellite measurements that there was cnough particle precipitation
to produce E-region electron densities on the order of 10° per cubic centimeter, This density 18 probably

sufficient to explain observed radar echo strengths 1n terms of Bragg scattering from fluctuations in ;
electron density (Booker, 1956). ;

Bates et al, (1969a) have sought correlations between HF aurora and electron precipitation.
Their results were based on 16 satellite passes, They found that on the night side of the earth, gross
position and occurrence of precipitating electrons were 1n good agreement, however, exact correspondence--
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or a unique spatial relationship--was not clearly apparent, On the day side of the earth, part of the
electron precipitation was not generally accompanied by radar aurora, though they suggest that D-region
absorption might have prevented echo observations.

Recently, Hagfors (1970) reported simultaneous observation of proton precipitation nearly
collocated with radar echoes obtained at a frequency of 1288 MHz. No electron precipitation was observed
in the same region. Hagfors finds that the region of peak proton flux was about 1 degree north of radar
auroral-~echo horizon., The radar echo intensity was increasing toward the more northerly regions--over the
horizon--but the data presented do not resolve whether radar-auroral returns could have been obtained from
the region of peak proton-flux deposition.

Hagfors states that the proton flux was insufficient to explain the ionization needed for
radar reflection, On the other hand, this was an afternoon observation, so that solar ionizavion of the
E region was present; it is believed that daytime E-region electron densities are great enough to produce
radar clutter provided it is structured by plasma instability processes to produce fluctuation scale sizes
on the order of tens of centimeters.

We note that Bates finds different correspondences between particle-precipitation type and
location relative to HF radar echoes for day-side and night-side measurements, Hagfors' inference of peak
radar echo collocated with proton precipitation might then not contradict the nighttime data obtained by
Chesnut, Hodges, and Leadabrand (1971).

We conclude that data currently on hand show that nighttime radar aurora occurs in regions
where some auroral precipitation is occurraing. Thus we have an explanation for the presence of the
ionization to explain nighttime auroral echves. The correlation of radar aurora in detail with peaks in
electron-precipitation number or energy density appears nearly random at this point in time with a prefer-
ence for nonoverlap. The relationship between radar aurora and proton precipitation on the night-side,
according to the limited data base currently on hand, shows no clear examples of collocation of radar
aurora with peaks in proton precipitations, though some weaker proton precipitation does sometimes take
place into the radar scattering region. One day-side measurement may have been revealcd collocation of
radar aurora and a peak in the proton precipitation flux.

The correlation of radar aurora with magnetic disturbance indices 18 of obvious interest,
There have been several studies showing, for example, that radar aurora generally move southward with in-
creased planetary magnetic activity (Leonard, 1962; Egeland, 1962; Unwin, 1966b). Egeland computed the
correlation coefficient between the percent occurrence of radar aurora during each 24-nour period and the
local geomagnetic Q indices as measured at Kiruna and Tromso. The Tridmso magnetic observatory is closer
to the region of scatter; its correlation coefficient was greater, but both were falirly large (0,59 and
0.65, respectively).

Unvin (1966b) has shown that local magnetic activity as measured by the local K index near
the scattering region correlates well with radar echoes, The planetary K_ 1index correlated somewhat better
with late-afternoon diffuse echoes than did the local magnetic index; the local index correlated best with
the other radar forms,

Leadabrand et al, (1965a) displayed auroral echo intensity at 401 MHz for various elevation
angles (therefore various ranges) obtained from Fraserburg, Scotland, along with the H trace from the
Lerwick, Scotland magnetic observatory. That observatory is beneath the auroral reflecting region, 300 km
to the north of the radar, Detailed H-component fluctuations often seem to be accompanied by radar-
intensity fluctuations, The trace correlation seems best with the echoes that occur nearly directly over
the magnetic observatory,

Leadabrand et al. (1965a) also display a detailed "trajectory’ of signal strength versus H
component. The H cumponent 18 seen to increase while no radar aurora 18 present, Then very abruptly the
auroral echoes start to occur with a 20-to-45-dB signal-to-noise ratio. Leadabrand suggests that the de-
tailed comparison that shows an abrupt turning-on of the radar aurora indicates an activity threshold as
predicted by Farley (1963).

It must be borne in minu that surface-mcasured magnetic activity is responding to currents
in the jonosphere; scattering intensity depends on irregularity-density variations, generation of ton-
acoustic waves depends on 1nnospheric electric fields, Thus, surface-measured magnetic activity cannot be
expected to correlate perfectly with radar-reflection activity 1f the Farley i1on-acoustic-wave hypothesis
is correct.

3.1.4 Amplitude Distribution of Radar kEchoes

Auroral radar returns are characterized by rapid fluctuating amplitude--called raptd fading.
The statistical characteristics of the amplitude distribution of radar returns are of i1nterest to those
concerned with auroral-clutter rejection and also to those concerned with the physics of the scattering
environment, The fact that the clutter echo amplitude seems to decorrelate in very short times indicates
a rather broad Doppler spread of the return signals. The fading chauracteristics have also been used to
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support the argument that the scattering takes place from a large assembly of essentially independent random
scatterers,

The most detailed study of the amplitude statistics seems to be that performed by Egeland
(1962). In this experiment lie measured the statistics of the signal amplitude of a 92,8-MHz FM broadcast
station, The signal was received by bistatic scattering via radio aurora. He was interested in determining
whether a coherent signal component existed--or whether the signal-amplitude distribution was totally con-
Bistent with having been propagated by scattering from a random assembly of scatters, The presence of a
coherent component would lead to the Rice amplitude distribution--which, for a large coherent component, is
approximated by a Gaussian distribution, If the signal was propagated by an assembly of independent scatters,
then the signal-amplitude distribution would be Rayleigh distributed--provided, of course, that the average
scattering intensity remained, in expectation, constant over the time of the measurement. Figure 3,10 pre-
sents some of Egeland's results, Egeland states that these data support the conclusion that the aurorally
propagated wave is the aggregate of a large numbe: of scattered wavelets that are uncorrelated in phase,
¥We note that should a coherent component exist, but the avcrage scattered power vary over the period in
which measurements are made, then a Rice distribution--or its Gaussian approximation--might be smeared in a
way that could simulate the Rayleigh distribution. In this reviewer's opinion, that seems unlikely, At 90
MHz and higher frequencles few investigators doubt the conclusions about the scattering environment deduced
by Egeland.

Flood (1965) has also studied the amplitude statistics of returns at frequencies of 49.7,
143.5, and 226 MHz using pulsed-radar techniques. As with Egeland, Flood found that the amplitude dis-
tribution for all three frequencies was well approximated by a Rayleigh distribution., His data sets were
each averaged over a 30-second time interval.

3.1.5 Height of Radar Aurora

The height and vertical thickness of the auroral radar-reflection region has been of con-
giderable interest, The height distribution seems to depend on the type of radar aurora that 18 being
observed, Unwin (1959), defines four types of radar aurora as observed by his equipment at 55 MHz, These
are diffuse, diffuse with structure, short discrete, and long discrete. Other measurements at higher fre-
quency (Presnell et al,, 1959), using pencil-beam radars, find two types, labeled discrete and diffuse.
Generally, the diffuse echoling region is a thin (vertically) region that extends over lerge geographical
areas. Discrete echoes are limited in range extent (north-south) but may extend to high altitudes--con-
sistent, apparently, with the magnetic-aspect requirements,

Unwin (1959) presents data on the height of diffuse aurora as a function of range (generally
north-south), and finds that the height is remarkably independent of range over distances of 700 km,
Figure 3,11 presents two histograms of Unwin's measurements, ‘The first 1s a histogram of all height
measurements, Tne second 15 a histogram of daily averages,

Unwin (1959) and Presnell et al. (1959) find a tendency for the height of diffuse aurora
to increase at ranges closer to the radar, This effect 1s not well confirmed, Leadabrand et al, (1958)
also found a consistent height variation of diffuse aurora as a function of azimuth angle. Abel and Newell
(1969) also appear to find a dependence of height of return on viewing azimuth; but their distribution is
opposite to that found by Leadabrand. These results are compared in Figure 3,12,

Many attempts huave been made to measure the vertical thickness of radar aurora. To measure
the vertical thickness accurately, one requires high angular resolution and a short pulse length, Further-
more, one needs to carefully define what is meant by vertical thickness, in that the echo intensity, though
dropping off rapidly with height change away from the region of maximum retlectivity, continues to he de-
tectable at quite different heights,

Abel and Newell (1369) estimate a vertical thickness at 1295 MHz that varies from 5 to 20 km--
centered around 106 km. Despite this assertion, Newell and Abel (1968) show Doppler data obtained from alti-
tudes as much as 20 km above the center of the aurora. These measurements serve to remind us that thickness
may mean full width at half power--or rms thickness, or something of that sort, Leadabrand et al. (1965a)
estimate that the vertical thickness 1s no greater than 10 to 20 km, Unvin (1959) estimates that the laver
he observes 1s less than 5 km in vertical thickness, and thinks 1t ts probably less than 2.5 km. This con-
clusion is based on the visibility of the fringes in the Inobing pattern of his Lloyd's mirror experiment,

Measurements of the vertical extent of discrete aurora are probably limited by the fact that
{f the radar beam-line fulfi1lls the magnetic-aspect requirement at an altitude of 110 km or so, then at
higher altitude the aspect conditjon becomes less favorable, At northern latitudes, an i1ncrease in altitude
from 110 to 125 km produces about a 1| change 1n aspect angle, Meeting the aspect condition at higher al-
titudes usually means locating radars tarther from the geomagnetic pole, 1n which case aurora becomes less
frequent, Furthermore, there 18 no way of knowing whether the high-altitude aurora observed by this tech-
nique 15 conniected to usual k-region aurora of the discrete or diffuse type.

Unwin (1959) gives values of height ot center for short discrete and long discrete auroras
as 120 wkm and 100 km or less, recpectively, He estimates thicknesses of 10 to 26 km for short discrete and
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15 or more for long discrete auroras, Leadabrand et al. (1959) do not estimate vertical extent of discrete
aurora, However, Schlobohm et al. (1959) report observing auroral radar echoes at an altitude as high as
300 km at a frequency of 106.1 MHz. The radar was far south of the normal region for probing aurora; it
was located at Stanford, California, at a geomagnetic latitude of 43°, Whether the high-altitude echoes
were accompanied by the usual 110-km radar aurora is not known, for the magnetic perpendicularity condition
is very poorly met from Stanford in the appropriate region,

High-altitude radar auroras as high as 180 km have also been seen by Barber, Sutcliffe, and
Watkins (1962) at frequencies of 300 and 500 MHz. Leadabrand et al. (1965a) report high-altitude echoes
up to 200 km, as seen from Frazerburg, Scotland. Bates (1966) reports HF auroral echoes from F-region
heights often where HF-propagated communication signal would normally reflect from the polar-F layer.
There is no doubt that these high-altitude reflection phenomena are real. It also appears that the re-
flectivity of the higher altitude radar aurora 15 considerably less than that observed at the more conven-
tional E-region heights.

3.1.6 Doppler

The earliest radar studies of aurora noted that motions of radar auroral forms are to the
west before midnight and tu the east after midnight. Generally, the Doppler shift of auroral radar returns,
which shows the drift direction of the 1individual scattering irregularities, is in the same direction as
the motion of the radar auroral forms. It is now believed that Doppler shift and spread measurements hold
the key to understarding the underlying mechanisms that produce the electron-density irregularities from
which radar energy scatters, This belief springs from the indisputable value of the Doppler measurements
made in the equatorial electrojet by Bowles, Cohen, Balsley, and others, Unfortunately attempts to un-
ravel polar-ioncsphere plasma-instability theories are severely hampered because the auroral electrojet is
complicated in its direction of flow; it is also unpredictable, unreliable, sporadic, and even capricious
in its behavior, which makes the performance of geometrically unambjguous experiments nearly impossible.
Nevertheless, Doppler measurements do seem to be the best currently available observational technique for
relating theories of irregularity formation with the nature of the environmental properties.

Bowles (1955) displayed some of the earliest Doppler measurements, His measurements were
made by bistatic CW at frequencies of 25 and 50 MHz in New York and in Alaska. His data showed various
kinds of Doppler spectrs at various times, Based on spectra that he displays, quite often, apparently,
he obtains line spectra that we now associate with two-stream instability-produced ion-acoustic waves,

The earliest systematic study of Doppler shifts at UHF frequencies was performed by Leadabrand et al, (1959),.
These data do not show unambiguous Doppler-shifted line spectra, Later, Leadabrand (1965b) presented

auroral Doppler frequency measurements at 401 MHz as a function of azimuth angle from Frazerburg, Scotland.
He pointed out that according to the two-stream instability concept, one would observe a line component

that showed either a positive or negative shift as a function of observing azimuth, Some features of the
spectra that Leadabrand obtained were consistent with ion-acoustic waves, but there clearly were other
mechanisms that had to be contributed to the scattering. For example, scattering was obtained from due
north, where the radar beam-line was nearly perpendicular to the direction of assumed electron drift,
According to the Farley concept alone, no energy should be obtained from this region. Furthermore, when
observing at this azimuth the Doppler spectrum was very broad and centered on zero frequency shift,

Chesnut, Hodges, and Leadabrand (1968) have made simultancous Doppler measurements at fre-
quencies of 139, 398, 850, and 1210 MHz, Doppler spectral forms varied considerably; only u few examples
were obtained showing unambiguous line comporents. The measurements showed that when line elements could
be identified, the Doppler shifts tended to be proportional to frequency within the measurement resolution,
as one would expect, Chesnut et al, (1968) recorded Doppler shifts at 398 MHz corresponding to irregularity
velocities as high as 1200 m/s,

They also show some recerds where two radar aurora located several hundred kilometers apart
showed oppositely directed Doppler shifts, Chesnut al., interpret these results as meaning that they wers
observing residual premidnight aurora at one range w the postmidnight aurnra at a greater range. The
geometry of these echoes was consistent with the mode. of the auroral electrnjet current proposed by
Akasofu.et al, (1965).

Farley's theory predicts slight phase-velocity variations with wavelength of 1on-acoustic
waves, Careful measurements by Cohen and Bowles (1967) of Doppler shifts 1in scattering from the equatorial
electrojet show this variation, No sufficiently accurate measurements have been performed 1n the auroral
scattering regions to show this predicted shif{t

Camnitz, Tsunoda, and Barczys (1969) have reported results of bistatic CW measurements of
Doppler-shifted auroral scatter at 143,5 MHz, Measurements were made from Buffalo, New York. A few Doppler
spectra were also ohbtained at 226 MHz. Receiving bandwidths of 5 in azimuth were u»ed, receiving beams
were scanned from 17 west to 12 east of magnetic north. A total of 163 spectra swere categorized according
to their general characteristics, Only 63 of their 163 spectra did they categorize as being hroad--meaning
that e¢nergy was returned over 1 wide spread of frequencies, They could not tdentify a line component 1n
only six of these 63 cases, Of the 163 individual spectra, there are 67 1n whicn Camnitz et al, identify
two simultanenus line components. Often these line components are in the same divection, implying possible
existence of aurora at two different distances with differing characteristics,
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Spectral peaks were ohserved with shifts corresponding to velocities from 0 to 1800 m/s.
Only 12 percent of the peaks, though, had velocities greater than 800 m/s. They state that their dates
provide strong support for the thesis that Doppler velocities with magnitudes from 325 to 800 m/s were iiue
to scattering frum irregularities produced by two-gtream instability. They attribute their anomalously
high velocities (of up to 1800 m/s) to high ion velocities at higher altitudes where the Pedersen conduc-
tivity predominates, as discussed by Unwin and Kunox (1968).

Hofntee and Forsyth (1969) have reported bistatic CW Doppler measurements over two paths
from sites located in Ottawa, London, and St. Catharines, Canada. The experiment was laid out so that a
common volume of scattering region was sampled at two effective angles with respect tn the average direc-
tion of the electrojet. ‘These effective angles were separated by about 20° and were oriented near magnetic
north (i.e,, as with the experiment of Camnitz et al,, this experiment would he sampling waves that would
grow at nearly right angles to the average direction of the electrojet).

The results of t''s study are that only a few occasions did Hofstee and Forsyth observe
line spectra associated with Farley's ion-acoustic waves. During late-afternoon diffuse aurora, they
never observed line components,

Newell and Abel (1968, 1969) have mapped Doppler profile versus range, azimuth, and height
using the very high angular-resolution capability of the 1295-MHz Millstone radar, They measure the shift
of the peak of the Doppler spectrum and show that this behaves, in azimuth and in elevation, in a manner
that 1s consistent with the Farley two-stream instability hypothesis convolved with a height-varying vector
conductivity (Hall conductivity dominated near 110 km, and Pedersen conductivity dominated at altitudes
above 120 km). The Doppler shifts correspond to irregularity velocities of from 350 to 460 m/s, They also
present data on Doppler shift versus azimuth fcr fixed-antenna elevation angles, These data are shown in
Figure 2.13. Dopplet shifts of 4 kHz at 1295 MHz correspond to radial velocities of 460 m/s,

More recently, the Millstone radar has obtained considerably improved Doppler spectra at
1295 MHz, Details of measurements are not yet available in print, Generally, though, the spectra that
are obtained are reported to be very complex.

Doppler-shift measurements show generally westward drifts before midnight, and eastward
drifts after midnight. A rumber of investigators regularly obtain line spectra corresponding to ion-
acoustic waves at radar frequencies from 139 through 1300 MHz, The spectra contain other Doppler informa-
tinon that is not consistent with ion-acoustic waves. As measuring capability improves, detailed spectra
ure beginning to lcok more and more complicated, One experiment at 40 MHz (Hofstee and Forsyth) has ob~-
served line spectra corresponding to ion-acoustic waves, but the Doppler spectrum that is usually obtained
shows spreading about the transmitter frequency. It is suggested here that the geometry of the Hofstee-
Forsyth experiment, which probes approximately on azimuths of 5° magnetic east and 16° magnetic west, may
not mcasure sufficiently parallel to the direction of average electron drift to observe very often the
primary ion-acoustic waves that are seen so regularly by others.

3.2 Description of Scattering Environment

In th's section we review what appears to be the current understanding of the region of the ionosphere
frow which auroral radar echues are obtained,

3421 Nature nf Scattering Process

There appears to be nearly unanimous agreement that radar energy at frequencies above 100
MHz--and probably ahove 50 MHz--scatters from fluctuations in electron density generally at E-region heights.
The mathematical treatment that describes scattering of this kind in the auroral ionosphere is an applica-
tion of the Born approximation that was developed by dooker (1956).

Booker's expression fur the sc:ttering intensity per unit volume 1s

2
= N N [y y
S = unc t(kr,ke,kz) . (3.2)

The quantity 7 is the volume scattcring coefficient tor radar scattering,
v

»
In this expressinn oS the Thomson radar scattering cross section for a free electron,

Ang is the variance 1p eleciron-density fluctuation; and @(kr,ka,kz) 18 the three-dimensional spectral
function,

Radar cross section 19 defined as the differential scattering cross section for scattering at 180 (back-
scatter). Unlike cross sections use” in other discip'ines, the differential scattering cross section 1s
defined as that per 4= steradian rataer than per steradian, Thus, the value of " that one uses 1n Eq,
(1.2) 1s = times the value for bacascatter obtained from books on atomic physics, This important point

has often heen overlooked,
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Radar scattering of this sort is called underdense scattering from electron density irre-
gularities, The radar frequency is higher than the plasma frequency in the scattering region. There are
four primary ingredients necessary in order that reflections may be observed, First, there must be elec-
trons present; second, there must be fluctuations in this electron density; third, . he spatial wave lengths
of these fluctuations must satisfy the so-called Bragg condition, and fourth, the radar must have adequate
sensitivity. In practice, it seems that n, ought to be about loé/cm3 or larger; An/n seems to be between

1 and 10 percent., The measured scattering intensity is many orders of magnitude greater than can be
attributed to the so-called Thomson incoherent backscatter process,

The varijous components of the scattering wave number in Eq. (3.2) are given here in cylin-
drical coordinates. This is the wave number for electron-density fluctuations that satisfy the Bragg
scattering condition for the radar frequency of concern, Booker assumed azimuthal symmetry so that k9
3 would not be used.

To provide a quantitative evaluation of his scattering concept, Booker hypothesized a
Gaussian form for the spatial-frequency spectral-density function., By use of the Wiener-Kinchine theorem
this function is transformed into the spatial autocorrelation function of density fluctuations that re-
searchers have, in the past, attempted to relate to their measurements, Booker chose the autocorrelation
function to be Gaussian, to be cylindrically symmetric about magnetic field lines, and to vary more slowly
along field lines than it did across field lines, In fact, nature determines the form of this autocorrela-
tion function; having no guide, Booker used the analytical convenience of the Gaussian function,

r Booker's real contribution to the whole art of auroral-radar scattering was the introduction
] of a scattering concept that would relate the nature of observed radar echoes to the scattering medium,
i This is very important in that experimentalists could begin to talk about the nature of the medium rather

than just about voltages, etc.,, in their radar receivers, At the time Booker introduced Born-approximation
scattering to radar physicists, he did not have a good explanation for the origin of the fluctuations, which
he found were necessary to explain the auroral radar measurements, It is the origin of these fluctuations
that determines the precise form one should use for the 3-dimensional spectral function ¢, Section 3,1

was designed to summarize those measurements that validate the scattering concept pronosed by Booker. The
summary was also intended to provide an experimental base to support our later discussion on mechanisms

that cause the auroral-E region to structure itself into the density fluctuation described by §.

The frequency-dependence work by many authors provides the main support for the conclusion
that the scattering takes place from fluctuutions in electron density in the ionospheric plasma, Also
supporting this conclusion is the fact that the frequency dependence is fairly continuous, though mono-
tonically decreasing with increasing frequency, for frequencies above 50 MHz, Most data about the E-region
scattering environment indicate that the plasma does not become overdense at radar frequencies ahove 50
MHz. Furinermore, quantitative comparison of estimates from Booker's theory show that the magnitude of
underdense scattering from fluctuations in eclectron density is sufficiently large to explain the observed
auroral-radar scattering.

The amplitude statistical studies performed by Egeland (1962) and Flood (1965) are consistent
with scattering resulting from an assemblage of i1ndependent scattering centers. ‘lhe frequent observation
that radar echoes come from regions of the ~=kv in which there are no bright auroral forms, such as shown by
Bowles (1955), and Chesnut et al, (196B), in essence proves that for the higher frequencies an underdense
scattering mechanism is required, If the aurorsl radar reflections were due to overdense scattering, then
the scattering would be strongest from regions where ionization produictijon is greatest--1.e., in the

brightest regions. Finally, some of the very-high-range-rate observations by Leonard (1971, dardin (1969),

and Fremouw (1971) corresponding to velocities of 8 to 10 kilometers per second and higher are totally in- 1

consistent with the concept of an overdense plasma traveling at that velocity., We conclude that there 1is k

no useful alternative to the underdense scattering concept given us by Rooker, a
3.2,2 Generation of the Scattering Irregularities by Farley's Two-Stream Instability %

The structuring of the scattering region by nature determines the form of the function %
in Booker's scuttering formula. Booker, Gartlein, and Nichols (1955) had suggested coherent scattering
from underdense, long luminous auroral features, When Booker (1956) developed his Born-approximation theory,
he found that in order to explain observational data he had to postulate scale si1zes of density fluctuations
of several meters and smaller, not the kilometers and larger dimensions of the visible aurora rays., He
suggested th~t turbulence might be responsible, though he had several reservations about this hypothesis,

In 1960 Bowles et al. (1960) suggested that the ficld-aligned radar scattering obscrved to
~riginate within the equatorial electrojet, demonstrated properties similar to those observed by ﬂcudubrnnd
et al, (19069) in auroral scattering. The equatorial-electrojet scattering produced by fluctuations in
electron density behaved, not like blobs of differing electron densities drifting 1n some direction, but i
like scattering from density fluctuations associated with plane waves traveling through the E-region !
ionization, The plane waves always secemed to travel radially with respect to the radar location, with a
velocity near sonic.

Another important rosalt of the radar measurements of the equatorial-vlectrojet scattering
was the revelation that the presence, or absence, of scattering was dependent on the strength of the




S sl e ok el L L o hllt st o e A i dctut il i it L Ll ke e e o el aobich il o t Rl s e

5-13

equatorial electrojet--scattering being present very strongly (at least 20-dB signal to noise), or wholly
absent--with the eystem sensitivity employed =t that tire. Thiz fuggested thet a threshold phenomencn
was operative; fluctuations would grow to large intensity, or they would not grow at all.

In 1963 Ferley (1963) proposed and then developed a theory of production of plane waves in
the E-region ionosphere due to the development of longitudiual, electrostatic plasma waves. The introduc-
tion of this ecneept ond he sabteepeent Sweecsw OfF hia peoporal opentd the Flosd geter fo0 Te iHtrodueticr
of plasma-instability theory into ionospheric physics to explain many kinds of irregularities in the earth's
ionosphere,

Farley's paper is a rather complete, usable description of the theory. The theory is com-
plex and does not easily allow the average reader to understand how the instability mechanism works. If
the reader is familiar with the observation that traveling-wave tubes actually amplify signals, then he
can relate that familiarity to the Farley instability mechanism.

It may also be well known to the reader that a current flowing through a plasma can produce
growing waves of various kinds, For the wave growth to be most efficient, the streaming-particle velocities
should be slightly in excess of the velocity of the growing waves. Landau (1946) showed, however, that if
the streaming-particie velocities wure widely distributed as, for example, by thermal-velocity spread within
the streaming-particle beam, existing waves would be damped, and no waves would grow. This phenomenon is
called Landau damping,

Figure 3.14 shows schematically several sets of particle-velociiy distributions along the
direction in which one would look for growing waves, The vertical axis is the particle number density
per velocity interval; velocity is plotted horizontally. In Figure 3.14(a) we show the ion and the
electron-velocity distributions schematically in the presence of a small electric field. This electric
field gives rise to a mean drift velocity of vp between the two species. The electrons and ions are
assumed to be in thermal equilibrium. A vertical, dotted line indicates the velocity v, of the wave that
we expect to grow, In the Farley wave case the wave velocity is nearly equal to the ion-acoustic velocity,
Because the electrons are so very light relative to the ions, their mean thermal velocity is extremely
large cumpared with the ion's thermal velocity. Figure 3.14(a) illustrates this extreme velocity spread
The figure is conceptually valid, (1) if there is no magnetic field, (2) if we are considering the velocity
distribution along an axis nearly parallel to a magnetic field, or (3) if the electron collision frequency
(with ions or neutral particles) is so high that magnetic constraints upon electron motion are destroyed.

For purposes of explanation, we shall assume that the electron-velocity distribution of
Figure 3.14(a) represents the electron-velocity distribution parallel to the earth's magnetic field. In
e &liiduile Hygil aheiy aunEcEal —Fo Jue wilF T LB i« 5 in Ll duki il ifhe wledis ool i ins
frequency is small compared with its gyrofrequency. 1In this case, the electron velocity normal to the
magnetic field is its E X B drift velocity--sometimes called its "guiding-center velocity. For wave
motions with frequencies that are small compared with this electron gyrofrequency, and for wavelengths
that are large compared with the electron gyroradii (both conditions apply for the waves of concern here),
it is the electron ''guiding-center' rather than the electron-linear velocity that really matters, Under
these conditions the effective velocitly distribution along the earth's magnetic field 1s spread as 1t there
were no magnetic field; parallel to the field, the field has no effect. However, across the magnetic field,
these 18 viitually wo veloucity spread ia the "putding-ceite: " appiuasmat soi, evacept for the spread produced
by residual electron-neutral collisions whose collision frequency 15 small compared with the e¢lectron gyro-
frequency. Therefore, the effective electron-velocity distributjon can be very narrow, as we have depicted
in Figure 3,14(c), when measured exactly perpendicular to the carth's magnetic field,

In Figure 3.14(c) we have illustrated this effect; 1n this figure there 1s also superposed
a drift velocity due to the presence of an electric field normal to the ecarth's magnetic field., In Figure
3.14(c), the conditions are proper for the growth of longitudinal plasma waves; Landau damping duec to
e loP 1Ty BoFe R Gl ITe @lectTRonE IR 71 meFsldue . BiTes 1he efleorbive selescity spread of  Lhy eles ! mms
is extremely narrow compared with the normal thermal spread. At some angle slightly off the exact perpen-
dicular, the electron-velocity distribution will appcar as 1n Figure 3.14(b). A situation as depicted 1n
Figure 3,14(b) will bc on the threshold of producing growing waves, but Landau damping due to the velocity
spread in the electron-velocity distribution is just sufficient to prevent wave growth, The velocity dis-
tribution of Figure 3,14(b) also depicts a possible electron-velocity distribution exactly perpondicular
to the earth's magnetic field lower in the ionosphere where collisions destrcy the monochromaticity of
the "guiding-center’ approximation,

3.2.3 Attempts to Relate Two-Stream Instability to Auroral Racdar Observations
There have been a number of attempts to relate auroral radar backscattering to the predic-
tions of Farley two-strcam theory. The Farley theory predicts that scattering should be magnetic-aspect-
sensitive, The theory also predicts weaker scattering at the higher UHF frequencies, The most unique pre-
diction is the unique velocity of the scattering features irrespective of the angle that the radar beam-11ne

makes with the direction of the electron E X B draft,

The first attempt to relate Farley’'s concepts to radar measurements of aurora was pertormed
by lLeadabrand (1965a). Leadabrand presented Doppler-shift-vs,~azimuth data obtained at 400 MHz for auroral
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reflections obtained from northern Scotland. These data showed that when the radar beam-line was generally
parallel to the assumed direction of Fa'ley waves (which travel generally parallel to the Hall current at
110 km altitude), a peak in the Doppler return was observed that was consistent with Farley's two-stream

theory. When the radar beam was perpendicular to the assumed direction of the Hall current, in which direc-

tion no Farley waves are expected, there were no peaks in Doppler shifts, but radar scattering was observed
and showed a wide spread in return frequencies corresponding to many velocities between the limits that one
might predict from Farley's theory.

At all azimuths some energy was scattered with Doppler shifts that were less than those
predicted by Farley and that could even be in the wrong direction, Leadabrand concluded that there were
some aspects of his data that were consistent with Farley's two-stream instability theory, but he con-
cluded that some other processes were also necessarily operative,

Gadsden (1967) attempted to relate the data obtained by Leadabrand et al, (1959) and that
of Unwin, showing a thin layer, to the two-stream instability theory. He pointed out that for a uniform
applied electric field, the direction of electron-ion relative drift changes with altitude. Thus, a
north-south electric field produces at 110 kiloueters an east-west Hall current, At the hignher altitudes,
120 to 130 km, the Pedersen conductivity becomes greater than the Hall conductivity so that the direction
of electron drift relative to the ion drift is rotated to a more north-south direction. On the basis of
this model, auroral-radar layers would appear to be at a higher altitude when the raddr is observing due
north than when observing at azimuths on either side of north., This conclusion seemed to be consistent
with the height-vs,-azimuth data obtained by Abel and Newell (1969) and shown in Figure 3,12 for a north-
south electric field. Explaining the results by Leadabrand et al. (1i959) on the layered, daylit afternoon
diffuse auroral echoes requires an east-west electric field, Gadsden also pointed out that the observa-
tion of a thin layer at nearly uniform height was also consistent with the two-stream hypothesis,

Newell and Abel (1968) capitalized on Gadsden's realization of the effects of Hall and
Pedersen conductivities in order to analyze the Doppler shift of radar echoes obtained at 1288 MHz. 1If
they mapped mean Doppler shift of auroral echoes as a function of azimuth from the radar, and as a func-
tion of height of the echo volume, they found that the Doppler behavior was consistent with the Farley
two~stream hypothesis,

The data of Jaye et al. presented in Figure 3.5 are perhaps consistent with the Farley
hypothesis but do not necessarily prove that the two-stream instapility is totally responsible for struc-
turing th- E-region ionization,

Unwin and Knox (1968) have attempted to relate the characteristics of their 50-MHz data with
the two-stream-instability hypothesis. They have taken estimates of the ionosphevic electric fields to
compute the altitude, diurnzl, and latitudinal behavior of the diffuse echoes., They find a level of agree-
ment between their calculativns and the 50-MHz morphological observations; their work shows that late-
afternoon diffuse aurnra could be produced by the Farley instability, Their equipment does not permit
measurement of the Doppler shift,

Under the assumption that there is an intimate relation hetween Farley two-stream velocity
and the group motion, Unwin and Knox (1968) compare their group radial velocities with the predictions of
the Farley theory. There appears to be some level of agreement between these data, though some will doubt
that the group velocity and the Doppler velocity should be related 1n the maniier employed.

Unwin and hnox (1968) also computed the layer height and thickness as a function of time of
day, latitude, and direéction of their radar beams. In this comparison they find much to rupport the Farley
hypothesis. They also find that adroral forms that they label long discrete do not fit Farley's hypothesis
at all well., They therefore assume that these are created by some other mechanism,

Hotstee and lorsyth (1969) have used a coherent bistatic radio system to look for the
displaced-line-spectrum characteristic of scattering from the Farley ton-acoustic waves, Their work was
performed at 40 MHz. On occasion they observed line components, but the ratio of the energy of the line
component to the nonwave-scattered signal varied considerably, with the line component noi even observable
at times, They conclude that the 1on-acoustic waves predicted by the Farley theory do occur in auroral
plasma phenomena, but that the waves cannot be the only source of radio-wave scattering., They do not find
line components from afternoon diffuse aurora and therefore assume that the Farley mechanigm is not re-
sponsible for it. They reject the conteation of I'nwin and Knox (1968) that discrete nighttime and morning
echoes are due to scuttering from concentrations of electrons formed by particle prectipitation.

Unwin and Knox (1971) have provided a rebuttal to Hofstee and Forsyth., The only observation
of line spectra obtained by Hofstee and Forsyth occurred at might., This observation weakened the Unwin and
Knox thesis that afternoon diffuse aurora would have resulted from the two-stream hypothesis. Unwin and
Knox contend that too many features of afternoon diffuse gurora are consistent with the fon~acoustic-wave
mechanism, Unwin and Knox suggested that during the afternoon aurora the waves grow almost only along the
direction of current flow, Therefore what is observed with hoppler instruments that do rot probe nearly
along the direction of current flow will be secondary waves produced perhaps by the conceptual mechanism
suggested by hougherty and Farley (1967),
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Hagsfors (1970) has also obtained spectra from afternoon diffuse aurora. His spectra Jdo
not show a line spectrum characteristic of the Farley mechanism, but again the growth angle of Farley
waves in the afternoon ionosphere may be so narrow that not only must perpendicularity to the magretic
field be met, but the radar beam-line may have to be almost exactly parallel to the velocity vectcr of
streaming electrons., The data of Camnitz, Tsunoda, and Barczys (1969) show very complicated Doppler
spectra with many features attributable to ion-acoustic waves. In fact most of their Doppler spectra
contain line elements,

3.2.4 Theoretical Attempts to Explain Other Features of Observed lrregularity Structure

Dougherty and Farley (1967) hypothesized that the nontwo-stream echoes observed by Cohen
and Bowles (1967) in the equatorial electrojet could be explained in terms of a nonlinear interaction of
Farley waves, They did not concern themselves with the detailed origin of the nonlinear interaction.
Their suggestion was a heuristic approach that showed that a nonlinear interaction leads to cross-
modulation products and harmonics of the waves. The waves, of course, have a vector characteristic and
therefore the cross-modulation analysis occurs in a vector space. This interaction can lead to waves of
many velocities traveling in a variety of directions. As is well known, Farley waves grow generally in
the direction of electron-drift velocity. Growth of waves in directions away from parallel require higher
intrinsic electron-drift velocity. The observation of scattering from the equatorial electrojet when the
radar beam-line was actually perpendicular to the electron drift cannot be produced, in principle, by
Farley waves. The observed scattering at that geometry was taken as evidence that ronlinear interactions
take place.

There is little doubt that nonlinear effects must be important in the growth of Farley
waves., Clearly, some mechanism must cause the waves to cease growing. It is therefore not difficult to
believe that these nonlinear effects can produce cross-modulation waves that display all the effects pre-
dicted by Dougherty and Farley.

Subsequent to the publication of the paper by Dougherty and Farley (1967), Balsley (1969)
showed that scattering is observed when tne electron-drift velocity in the electrojet is less than that
required for the Farley instability. This has led some to believe that the Dougherty-Farley work is no
longer relevant. This is not the case; cross modulation of some sort is inevitable in nature. Unwin
(1970)--(unpublished) has utilized pulsating racdar aurora associated with Pc5 events to show how he can
coherently organize some observations utilizing the heuristic arguments of Dougherty and Farley. If
Unwin's work is corrgct, it can provide a logical explanativn for the auroral scattering of the layered
afternoon diffuse aurora that does not show the line spectra of the Farley instability.

Skadron and Weinstock (1969) have performed nonlinear analysis in which they permit wave-
particle trapping that leads to wave-wave interaction., It is perhaps too soon to eveluate the validity of
their theory. The theory is extremely complex and difficult to {olilow. However, they do produce a proposed
turbulent spectrum. Like all turbulent spectra, their spectrum peaks at some wavelength and decays on
either side. Unfortunately their annlysis as given in their Figure 1 does not show turbulent energy with
wavelengths shorter than about 3/4 meters that can scatter radar energy at 200 MHz. Thus, they do not pre-
dict the structuring necessary for UHF and higher frequency observed scattering.

Scattering work by Balsley (1969) has shown that there is another instability operative in
the equatorial-E region that scatters VHF radar waves. This instability he calls his Type II instability.
The Doppler response of the radar returns are consistent with the scattering centers moving in the direc-
tion of the electron drift with the radar measuring the projection of that velocity along the radar beam
line of sight, The Doppler spectrum is broad but does peak as described above.

Recently Rogister and D'Angelo (1970) have proposed a theory of equatorial Type Il insta-
bilities. The characteristics of this instability as determined by experiments suggest requirement of an
electron drift velocity gradient in possibly a gradient of ionization. Balsley (1969) sees a bifurcation
of echoes occurring at an altitude of 100 kilometers and 115 kilometers (approximate). As the electiric
field excitatioa increases, the two layers expand tcward one another and essentially coalesce when the
Farley two-stream instability onsets. They indicate that their theory predicts that vertical, as well as
horizontal echoes should be observed at the equator. They predict drift velocities that are consistent
with Balsley's observations. They also claim that the theory predicts bifurcation of echoing regions,
Rogister and D'Angelo do not suggest experimental tests of the theory that can be applied in the auroral
zone,

Whitehead (1971) also puts forward a theory based upon the giradient instability of Simon
(1963) and Hoh (1963). The theory is too new for this writer to have digested.

The relevance of the Type Il instability to the auroral ionosphere has not been proven.
Until we better understand the details of the theories by Whitehead (!971) and by Rogister and D'Angelo
(1970) we shall not be uble to assess their significances, nor possibly the significance of Type II in-
stabilities to the aurora.
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To explain discrete echoes that are observed at nighttime at lower frequencies, Unwin and
Knox (1970, unpublished) have proposed that ray structured visible aurora produces sufficiently strong
horizontal ionization gradients that a form of th: Simon gradient-drift instability may be initiated.
They believe that at lower altitudes (100 to 150 kilometers) in the highly excited auroral ionosphere,
short wave-length structure that will scatter HF and VHF radars will be created.

3.3 Summary of Auroral Radar Scattering

It appears that much recent experimental work has been oriented toward validating the contribution to
the scattering irregularity structure by ion-acoustic waves theoretically predicted by Farley (1963). Many
of the general features of radar aurora are consistent with predictions of this theory. The principal
technique that is currently being employed to certify the contributions of the ion-acoustic wave is Doppler
analysis of returning echoes.

Radar studies at the equator reveal Doppler returns that-are consistent with the two-stream instability
concept. However, other irregularity-generating mechanisms must also be present. Balsley (1869) has
studied, by Doppler analysis, the equatorial-electrojet scattering and has deduced the presence of another
instability that he labels the Type II instability. Apparently--at times--he also observes a line spectrum
that is not Doppler-shifted at all (see Camnitz et al., 1969).

One's intuition indicates that these other mechanisms must play a role in the polar ionosphere. At
this writing, not enough is known about these alternative mechanisms and the details of the environment
needed for their growth, to plan useful experiments to seek their existence in polar aurora.

The nonlinear coupling concept of Dougherty and Farley (1967) must play a role in producing irregu-
larities. A detailed nonlinear coupling mechanism was not proposed by them, but that does not matter.
The concept has been useful for organizing data (Unwin, 1970--prepublication). A quantitative nonlinear
theory has been developed (Skadron and Weinstock, 1969), though it is not yet clear how experiments can
test the validity of the proposal.

Two theoretical explanations for the equatorial Type II instabilities have been proposed (Rogister and
D'Angelo, 1970; Whitehead, 1971). More study is required of the environmental conditions necessary to pro-
duce these instabilities before we can intelligently apply the concepts to auroral-scattering data.

Recently, Unwin and Knox (1970--unpublished preprint) have proposed that a form of the gradient-drift
instability first theoretically analyzed Ly Simon (1963) and toh (1963) is capable of explaining the
characteristics of discrete aurora. They base¢ their study on the work of Whitehead (1968). They show
that, based on the gradient-drift instability, discrete aurora will form adjacent to visual forms. The

. discrete forms will be observec predominantly at the lower radar frequencies. Furthermore, though not
stated by them, the Doppler shifts can be as low as zero and as high as the E X B drift.

4. RADAR TRANSMISSION THROUGH AURORAL IONIZATION

In this section we shall discuss propagation of radar signals through high-altitude auroral ionization.
Our primery concern will be with radar frequencies in excess of 100 MHz. Running through our commentary
will be our explicit concern with the effects of propagation on the acquisition of data obtained hy radars
that are performing accurate target tracking and are obtaining target-cignature information. This means
that the antenna system has a fairly high angular resolution--usually on the order of 1° or so in both
horizontal und vertical directions.

It is known that structured ionization refracts--and defracts--radar energy so that the angle of
apparent arrival of a signal from a source on the other side of the structured lonization changes with
time and location of the target. This phenomenon is callad angle scintillation. Some radar measurements
of space vehicles use the variation of satellite signal intensity as a function of time to determine the
nature, the size, the rotation, and the nutation characteristics of the target. Structured aurorsl ioniza-
tion will modulate target-echo amplitude leading to obscuration of the target's normal signature information.

In addition to effects caused by structured auroral ionization, very accurate tracking radars will ex-
perience angular deviations produced by smooth refraction in the normal E- and F-layer ionization. These
angular deviations can also change with time dué to the passage of aurorally-induced gravity waves., Our
detailed concern will be directed to those effects that are produced by structured and aurorally-induced
ionization. Simple refraction due to the natural ionosphere will not be discussed.

It is believed that the structured ionization that affects radars with frequenci€¢s above 100 MHz io
several thousand imegahertz is the same ionization structure that is responsible for the eftects reviewed
by Liszka in "Polar Propagation Effects on Radio Astronomical and Satellite Tramsmissions.” We presume
that the morphological behavior of the structured ionization will be discussed there, and it will there-
fore not be pursued here.

Radars that track space objects require very-high-power transmitters, very large antenna systems, and
usually very complex computer and display equipment. As a result, the instrumentation is extremely expen-
sive; it is usually built for operational space-data-acquisition purposes, and is therefore usually not



available for propagation studies. There is, therefore, a very meager base of directly applicable measure-
ments, Very recently the Millstone radar operated by MIT Lincoln Laboratory has been coniigured to perform
comparative tracking studies simultaneously at 400 to 1200 MHz. Data are just beginning to become available
with this instrument., Stanford Research Institute is currently locating its 1300~-Miiz Thomson-scatter radar
at Fairbanks, Alaska; this instrument has monopulse tracking capability and has tecen used in the past for
satellite tracking purposes. It is expected that this radar may provide some propagation information in
the future, In conjunction with its Homer auroral-radar installation, SRI is also installing a 400-MHz
phased-array radar that will have tracking capability., A polar satellite carrying phase-coherent signals
from 138 MHz through 3000 MHz is also being designed, to be used in studies of bandwidth and other charac-
teristics of auroral-radar propagation, All of these experimental programs are in early phases and have
not yet produced data, At this writing the radar-propagation data base is very small,

4.1 Propagation Concepts

A radar wave passing through structured ionization suffers wavefront distortion. This means that the
phase fronts of the wave a-e no longer spherical (with centers located at the source); rather, the wavefront
surfaces become bumpy. Radar energy will then leave the distorting region in wavelets that travel 1n a
variety of directions that are no longer radial with respect to the signal source. A familiar optical ana-
log of this situation is the bumpy glass that is often placed in bathroom showers or in windows that are
intended to admit light while maintaining privacy. A single light source behind such a bumpy glass screen
may appear as many light sources--or as a larger light area--as a result of refraction of the light in
passing through this screen.

Some of the earliest quantitative theory that has been applied to radio/radar propagation was per-
formed by Bramley (1951, 1955), Bramley's concern was with the relationship between the refracting screen
and the signal characteristics as received by ground-based point receivers and interferometers, A very
readable, tutorial introduction to these concepts was prepared by Ratcliffe (1956). Another important
paper with regard to receiver power and interferometric studies was that of Briggs and Parkin (1963), in
which they suggest means of comparing data obtained by propagation at various obliquc angles through
striated ionization and also define various ways of expressing scintillation indices. In the main, these
papers utilize a technique that is called the thin-phase-screen approximation to determine the "bumpiness’
of the surfaces of constant phase of the wave at the output of the diffracting medium, There have been
some studies on ways of extending the calculation of the perturbed wuvefronts into the regime in which
the thin-phased-screen approximation does not work. (Chernov, 1960; Uscinski, 1968.)

Before the radar-propagation problem is fully understood, the properties of the structured ionization
that cause radar~wave distortion must be empirically determined. Though there are many analytical ways
of computing wavefront distortion, there are at present no physical theories capable of describing the
environment necessary for understanding propagation perturbations,

Morphological studies (Aarons and Allen, 1971; Liszka, 1967) using satellite beacon transmissions
indicate that the F region of the polar i1onospherc 1s often perturbed near the region called the mid-
latitude trough., An example obtained by Evans ct al. (1970) found the perturbations on the northern side
of the trough. The northern edge of the trough 1s found to be rather abrupt; the peak F-region electron
density changes by a factor of 25 over a relatively small horizontal distance.

This environment seems very likely to contain conditions that will causce 1nstabilities to develop.

It has also been suggested that the structure 1s due to structured particle precipitation, In view of the
very long ionic lifetimes at 350-km altitudes, this suggestion does not seem, at the outset, very plausible
for high-altitude structured i1onization, Fremouw (1968) does find a strong relationship between line-of-

sight auroral luminosity and radio star visibility fades. It is suggested that these fades may result from

E- and lower F-region auroral 1onization where ironic lifetimes arce measured 1n seconds,

The crinkled wavefront that emerges from the structured ijonization usually must propagate long dis-
tances to the radar receiver. Ratcliffe (1956) describes how to analytically determine the Fresnel pat-
tern at the receiver site, The actual evaluation of the analytics displayed by Ratcliffe 1s extremely
difficult and tedious, Therefore, a number of approximate analytical techriques have been developed to
perform the propagation described by Ratclitfe. The best known of these is the Fresnel-Kirckhoff tech-
nique., Ratcliffe's techniques are readily adaptable to take advantage of the fast-tourier-transform
capabilities of modern digital computers (Cooley and Tukey, 1965). As a result, this calculational tech-
nique is becoming very popular for propagation work. The propagation of a wave from a disturbed region
to a radar can produce a number of effects. We give here an intuitive description of various phenoména
that can be important. [1f there 1s a very large blob or field aligned striation of 1onization, then radar
rays will be retracted by it as if the blob 1s a large lens. Since blobs of 1oni1zation appear as 3 nega-
tive lens, there can be defocusing (signal reduction), Such an environment can be analyzed by purely re-
fractive techniques and propagation performed by ray tracing,

If the electron density on the aris of the blob becomes sufficiently large and the receiver 1+~ far
enough away, then the refracted ray may cross at some point between the receiver and the ionized blob,
fn this situation the target can be observed also as refracted by way of the ionized blob, In fact the
radar will, for this example, observe three images. Figure 4,1 1s a pictorial display showing how re-
fraction produces thesce multiple images as a target passes behind a long, magnetic field aligned striation
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or blob of ionization. Actually, finite-aperture antennas with finite beamwidths would probably "observe"
more than one of these images at a time--which leads to interference and therefore amplitude and angle
scintillatica, The sizes of the "dots" representing the target are indicative of the target signal strength.
Note the "defocusing”" as the target passes behind the ionization blob.

At the small end of the size spectrum of ionospheric blobs, onc finds that ray theory is not a valid
way to compute the propagation. Physically, what happens is that blobs are smaller than a Fresnel zone
and therefore energy can be scattered by a single blob to angles that are very great compared to what one
would have computed based on refraction alone., Clearly, if the blob were comparable in size to the radar
wavelength, then the energy could even be backscattered, which means refracted or diffracted through 180°.
This is, of course, what the entire preceding section was all about. It is therefore necessary in com-
puting the propagation of signals between the output of the perturbed region to the radar to take account
of the phase path to the receiver from all small-scale btlobs even if they are quite far off the propaga-
tion path.

As an example, let us hypothesize small-amplitude phase perturbations on the wave phase-front. Let
us suppose that the phase perturbation is of a single, spatial wavelength with wavelength that is smaller
than a Fresnel zone., Under these circumstances the medium will begin to behave as a diffraction grating
that diffracts energy at preferred angles--called first order, second order, etc., grating lob2s, An
optical analogy is, of course, the optical grating that is used, for example, for spectroscopic measure-
ments of auroral emissions. If one should attempt to compute the angular deviation of a wave through such
a screen, by refraction theory, he would find that the wave is virtually unaffected, which result, of
course, is not valid.

The whole point of this discussion is to indicate that a variety of propagation effects can occur
between the perturbing region and receiver. There will be lensing effects of all kinds due to large
scale-size ionization structures. These effects will lead to focusing, defocusing, and ray-path crossing,
which we sometimes refer to as multipath, and there can be caustics, If the perturbed structure size is
comparable to or smaller than the first Fresnel zone, then there will be a variety of effects that we
characterize as diffraction effects; all of these lead to signal-amplitude fluctuation and apparent angle-
of-arrival changes at the receiver antenna. One must use care when calculating, to be sure that the tech-
nique used will be properly applicable.

The final link in the chain of events leading to the radar response is the interaction of the dis-
torted wave with the radar antenna system. This relationship is not always simple. The work by Bramley,
Briggs, and Parkin, and others, was concerned with point receivers and spaced-point receivers used as
interferometers. Most radars that we are concerned with have a distributed antenna system that accepts
energy from a limited span in angle. Furthermore, the kinds of radars that one would actually use for
space-vehicle tracking must have means for moving the radar beam direction in order to track space objects,
This latter requirement can be satisfied, from an engineering point of view, by several tracking techniques;
examples are spiral-scan, amplitude monopulse, and phase monopulse.

The ultimate response of the radar system in its tracking mode will depend not only on the interac-
tion of the radar wave with the tracking antenna system, but also on how that information 1s used to direct
the antenna system to follow the target. The complexity of these potential problems is so great that it is
probably outside the purview of this review to dwell on them at length., iHowever, we believe it would be
useful to demonstrate how the antenna system interaction with the waveform may not be simple and
straightforward.

In order to better understand some of these problems we have been performing tracking simulation
studies using a one-dimensional model of a phased-array aulennaﬂ' We present an example of this work here,
this example was used as a program check to demonstrate certain kinds of behavior that we had expected in
advance.

In the results of the study to be shown below in Figure 4.2, a phase-perturbing screen has been placed
at a range of 300 kilometers from the radar. At this range the first Fresnel zone is about 450 meters.
We have assumed that the phase perturbatioas are created by cylindrical columns of enhanced electron den-
sity with on-axis densities of 107 el/cma. This value of electron density was thought to be representa-
tive of extreme auroral conditions, This density gives an on-axis critical frequency of 28 MHz. 'The
omputations have been carried out for one-way propagation at 450 MHz., The radial density profile of
these striations were taken to be Gaussian in form,

We have chosen for the work to he displayed here, a phase screen that contains two sizes of striations,
The phase-screen aperture contains an isclated siriation with 1/e radius cf 500 meters., Nearby, not quite
far enough away to prevent interaction with the isolated striations, 1s a pair of striations of the same
size. This pair 18 so located that their effects will strongly interact. We have also placed a similar
arrangement of a single striation and a pair of striations farther across the phase-screen aperture. These
striations have 1/e radii of 1500 meters. They also have the same on-axis electron density as the small
striations,

L]
This work is being carried out jointly by Mr. Gary Price and the author.
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The simulated antenna total beamwidth was about 1.2°. The antenna simulation was that of amplitude
monopulse, which means that two beams, squinted off by one-half beamwidth to the right and left, are com-
pared. The propagation from the phase-perturbing screen to the radar plane was carried out by the tech-
nique described by Ratcliffe (1956) utilicing fast-Fourier-transform techniques. For this particular
arrangement of striations, the smaller striations were made to be larger than a fresnel zone, but the radar
was located at a distance beyond the point where caustics form., We chose the large-size striations s> that
the onset of caustics occurs behind the position of the radar.

Figure 4.2 shows the results of this work. Across the top, the phase perturbations caused by the
thin diffraction screen are shown. This indicates the sizes of the striations. Arrows in each of the
three subfigures show the axial positions of the striations. The relative voltage of the received radar
signal is shown in the center panel of Figure 4.2 as the signal source (target) passes behind the columns
of ionization. We note that ray crossing leads to rapid ampiitude scintillation for the isolatvd, small
striation and also for striation pairs due to phase mixing. The isolated, large striation, which does not
produce ray crossing, demonstrates a simple focusing-defocusing pattern as the target travels behind the
screen,

At the bottom of the figure is the angular error of the radar's monopulse resp as a function of
target position., It is easily shown from refraction theory that the maximum angular deviation to be ex-
pected from these striations is 0.174°. In fact the large, isolated striation does produce a peak angular
error of this value since no ray mixing occurs. We note that as a result of ray mixing--or, if you wish,
diffraction--larger angular errors are neqsured as the target moves behind the small striation.

Another concern of radar designers will be the maximum antenna size that can be built without de-
correlation of the wavefront occurring over the aperture size. This information can be determined by
interferometer experiments that have been performed over many years. Conceptually, when the "angular
spectrum’” of waves leaving the diffraction screen is comparable to the angular resolution of the radar
antenna system, then the span of the antenna aperture is so great that the wavefront is decorrelated over

this aperture.

4.2 Experimental Data

As we stated earlier, relevant radar tracking experiments are just beginning to be performed. There-
fore the directly applicable data base for presentation here is quite small. Some data we shall present
were obtained by one-way transmission from radio stars or satellites. Radar signals must traverse both
directions. It can be shown by reciprocity that this two-way ransmission leads to a squaring of the one-
way received amplitude. We have no: found that angular effects will be changed, though.

As early as 1957, Jaye et al. (1961) observed extreme amplitude fluctuations due to signal transmis-
sion through an auroral-type disturbance. At the time, Jaye et al. were observing passage of Soviet satel-
lites by radar backscatter at a frequency of 106.1 MHz., On at least one occasion, backscatter from an
aurora at an altitude of 300 km over Seattle, Washington, was observed to be present during the satellite
pass. As the satellite passed through the radar beam, amplitude fluctuations were observed.

Later a joint effort between the Lincoln Laboratories, the Defense Telecommunication Research
Establishment, and SR! was undertaken (Jemes et al. 1960). This experiment studied amplitude scintilla-
tion of 440-MHz signals that had been propagated from Alaska to the moon, reflected off the moon, and re-
ceived near Boston, Massachusetts, and also at James Bay, Ontario. One of the concerns was polarization
rotation, which we shall not pursue in this work, On occasion, signals passed through aurora. The signal
fading rate and the depths of the fades were increased significantly. (Normal moon radar echoes fade
slowly due to moon libration.) No quantitative scintillation indices were presented. However, it was
noted that there was no decrease in average signal power,

Flood (1963), using the radio star Cassiopeia A and multiple-base-line interferometers at frequencies
of 52 and 147 MHz investigated the phenomenon of "radio star fadeout."” As a radio star slowly traverses
the field of view, the interferometer output from the star will vary in nearly sinusoidal fashion as the
star passes through the interferometer lobes. A radio star fadeout--or visibiiity fade--means that the
sinusoidal, lobing pattern disappears, or fades, The destruction of this lobing pattern is caused by phase-
path fluctuations that destroy the wave's phase coherence over distances corresponding to the interferometer
base-line,

In his work Flood defines a "cone angle of arrival 8" and shows that it is proportioned to Az/L. The
quantity L is the correlation length for visibility fudes under the assumption that the spatial autocorre-
lation function for phase fluctuation is Gaussian with 1/e value L. This relation seems to be often used
to scale angular scintillation--or angular flicker--data measured at one frequency for use at other fre-
quencies. In his paper Flood scales his data to provide "pessimistic’’ estimates of angular resolution of
radar systems operating through the auroral ionosphere. Table 1 presents his conclusions.

This work has been more recently extended by Anderson and Tsunoda (1969) using the same techniques at
frequencies of 52, 147, and 294 MHz. They have presented their estimates of Flood's cone angle of arrival
9 for their three frequencieg in the form of histograms. We show these for their 147-MHz data in Figure
4.3. The reader should note that these data are slightly prejudiced, since the measurements were made only



5-20

Table 1

LIMITATION TO ANGULAR RESOLUTION DUE TO 1ONOSPHERIC PHASE-PATH FLUCTUATIONS

Frequency (MHz) 50 150 300 1200
Angular Resolution

In milliradians | 360 40 10 0.6
In degrees 20.6 2.3 0.57 | 0.0342

when a radio-star fade was taking place. We note that cone-of-arrival angles as large as 30 mrad (1.7°%)
in an east-west direction were observed. The maximum north-south cone angle was 10 mrad (0.57°), which is
consistent with ionized blobs that are aligned with their thin, long axis aligned along magnetic field
lines.

As a test of the xz dependence for Flood's cone angle, Anderson and Tsunoda present a histogram of
occurrences of the wavelength dependence that they had measured. Figure 4.4 presents these data. We note
that the median value is about 2, in agreement with Flood's (1963) derivation, but individual measurements
scatter considerably.

Anderson and Tsunoda (1969) also present histograms of measured axial ratios for the ionized blobs.
Figure 4.5 shows these data. The peak of their distribution, a value of 2.2, is very much smaller than is
generally quoted elsewhere. Liszka (1963) quotes axial ratios of 8 through 21. Jones (1960) gives a
median value slightly greater than 5. The origin of these variations from experiment to experiment is un-
known; it is possible that the more southerly experiments (Flood, Anderson, and Tsunoda) respond more to
E- and lower F-region aurorally-produced ionization. Also, measurement technique may play an important
role,

A few of the angular errors obtained by a monopulse tracking system have been presented by Frewouw
(1967). The equipment used was the NASA Gilmore Creek data-acquisition facility near Fairbanks, Alaska.
The system consisted of an 85-foot dish with mechanical drives servoed to monopulse error sensors, Figure
4.6 presents an example of a pass of the Nimbus satellite. The upper record is signal intensity; the lower
is the error on one of the two antenna mount aiai... The first angular deviation of nearly 2° is not accom-
panied by a signal fade. The second angular »r~ursion of about 1° is accompanied by about a 20-dB signal
reduction--presumably due to defocusing. Both of the two refraction effects were closely associated with
auroral luminosity '3 recorded on an all-sky camera.

The angular excursions indicated in Figure 4.6 are consistent with the estimates made by Flood (1963)
suggesting that radio-star data obtained by radio inferometers can be applied to radar-like tracking
systems.

It can be shown that mechanical dish-type monopulse tracking systems such as the Gilmore Creek
facility can be driven so as to lose track if the propagation conditions lead to severe multipath. Fremouw
reports (private communication) that at times propagation conditions deteriorate sufficiently that operitors
at the Gilmore Creek facility have changed from auto track to program track at 136 MHz. The system would
be turned over to program track in order to be certain that data would be successfully recorded. (Program
track means a Newtonian orbit--fitted to the early tracking data--would be used to guide the antenna to
keep track of the target.)

Lansinger and Fremouw (1967) have performed calculations of the expected amplitude scintillation of
signals that have traversed structured ionization. Their work, based on prior developments by Ratcliffe
(1956), and Briggs and Parkin (1963), demonstrates that the frequency dependence of the scintillation index
is not simple buct iies between Al and A2, The scintillation index is defined as

(4.1)

They have obtained radio-star data at 68 and 223 MHz. Figure 4.7 from Lansinger and Fremouw (1%.7) presents
a scatter plot of simultaneous scintillation index measurements versus that for their higher frequency of
223 MHz. This scatter plot gives the scintillation-index ratio between 68 and 223 MHz versus the index
measured at 223 MHz. The plot dramatizes the lack os uniqueness for frequency scaling. Theoretically,

the xz frequency scaling is the limit to weak scatteriug conditions, and Al is a limit they obtain for a
more perturbing environment. The scatter plot tends only very weakly toward these relations.

Lansinger and Fremouw (1967) also present data on the fading rate of radio-star signals. They find
that the power spectral density function of the scintilla‘ion frequencies is about the same for both 68
and 223 MHz. These spectra change from time to time, probably reflecting change in speed and size of
ionized blobs that traverse their propagation path. The examples they present show energy as high as 0.5
Hz. The scintillation rate experienced by a radar tracking a space object behind an auroral phase-perturbing
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screen will be determined more by the scale size of the ionized irregularities and the vehicle's velocity
than by irregularity-drift velocity.

Pope and Fritz (URSI-1971) have reported measuring amplitude scintillation in the aurora using 137
MHz and 1695 Mz simultanecusly. They used the Gilmore Creek data acquisition facility that was also
used by Fremouw. They state that 1695-MHz scintillations were observed when the VHF scintillation was
near saturation. They state that the wavelength power law between ;.1 and )‘2 broke down; when observed,
scintillations at 1695 MHz were about one-tenth the VHF amplitudes.

Craft (1971) has reported amplitude scintillation through equatorial irregularities at frequencies
of 4 and 6 GHz. Rapid fluctuations as large as :4 dB were seen. It is possible, then, that the polar
ionosphere could also affect frequencies this high in a similar fashion.

Recently, Lincoln Laboratories (Evans et al., 1970) have begun a series of tracking expe. ."ents
using a monopulse radar that measures angle of arrival at 1295 MHz and 400 MHz simultaneously. The equip-
ment consist of an 84-foot dish antenna with 1295-MHz monopulse radar. There is also a 400-MHz, monopulse
telemetry reception feed that uses the 84-foot dish. Angles of arrival at the two frequencies are then
compared,

At this writing only very preliminary results of tracking radio stars have been reported. These data
show angular effects at 400 MHz.

Elkins (1971) has recently scaled data obtaineu by Little et al. (1962) to provide an estimate of
probability of angular scintillation exceeding various cone angles. These data are presented in Figure
4.8 for radar frequencies of 400 and 1300 MHz. According to these data, expected angular errors are
usually quite small; only 1 percent of the time will a 400-MHz radar operating in Alaska experience angular
jitter in excess of 0.3 mrad, which is about 0.017°. At 1300 MKz the corresponding figure is 0.0016°.

These angular-error data imply very much smaller angular errors than estimated by Flood (1963).
Flood reports that during 375 days of continuous observation, auroral disturbances caused radio-star
fadeouts at lower culmination 32 percent of the time. Cassiopeia A traverses lower culmination at an ele-
vatioa angle of 10°. Tre interferometer operated at 52 MHz with a 900-foot base-line. This fade, when
scaled to 400 MHz using Flood's scaling procedure, gives cone angles of 0.06 to 0.13°--which values are
also consistent with those reported by Anderson and Tsunoda (1969). These values are nearly a factor-of-
ten larger than Elkins (1971) estimates,

is forcec to conclude that, accepting the validity of all work quoted, angular (and therefore
amplitude) scintillation is much greater for radars looking north from locations south of the auroral
zone (Flood, Anderson, and Tsunoda) than it is for radars located in the auroral zone (Little et al.,
1962). Furthermore, the frequency of occurrence of significant angular jitter is greater at the location
south of the northern auroral zone,

The data of Little et al., were obtained during the 1957-1958 period of high geomagnetic activity when
auroral effects are expected to be observed farther from the poles than at other times. The data processed
by Flood was obtaining in 1960-1961 during a period of weaker activity. We do not know quite how to relate
these facts except to hypothesize that the region in which the propagation problems were occurring was to
the south of the region probed by Little et al., during their data-taking period, and in the field of view
of Flood (1963) and Anderson and Tsunoda (1969) during their data-taking period,

We summarize our state of understanding of the radar transmission data. At present there are available
to the propagation community no recent round-trip radar studie: of the problems introduced by irregularities
in the polar ionosphere. Early data obtained by Jaye et al, (1961) and James et al. (1960) only studied
amplitude scintillation--and then only as an adjunct to their primary experimen:s. There exist several
interferometric studies of radio-star fadeouts using the Cassiopeia A and the Cygnus source. These data
can be related to real radar tracking--with some reservations. Inferences concerning radar operation
made by using radio-star aota have led to an apparent conflict of vstimates of frequency of occurrence
and magnitude of angular scintillation to be expected by UHF and higher-frequency radars. The conflict
may be resolvable through study of the morphological behavior of the location of the midlatitude trough,
scintillation boundary, and aurorally-produced ionization (the auroral oval).

Polar tracking experiments using one-way satellite transmission and a monopulse tracking system show
that effects can be severe to accurate tracking systems at frequencies of 136 MHz. Extrapolated to higher-
frequency radars where angular tracking accuracies of 0.1 mrad are sought indicates that this level of
accuracy may not be achievable at will at frequencies of 400 MHz, but probably can be achieved at 1300 MHz.
However, the recent scintillation data obtained by Pope and Fritz (197!) at a frequency of 1695 MHz in the
auroral zone--and the equatorial scintillations of :4 dB observed at 4 GHz and 6 GHz (if confirmed)--indi-
cate that we probably do not yet have a good understanding of the problems faced by accurate space-tracking
radars operating through the polar-disturbed ionosphere.



4.3 Theory of Ionization Structuring Process

HF and VHF satellite transmission measurements (Liszka, 1968; Aarons and Allen, 1971) have shown that
many regions of the earth's ionosphere exhibit magnetic field aligned ionization density perturbations.
They are observed regularly in equatorial regions as well as in polar regions. In equatorial regjons,
solar-heating-induced vertical motion of the ionosphere produces conditions that are thought to produce
interchange instabilities that are the density perturbations. As we also know, structured ionization is
regularly observed in the polar ionosphere,

It is tempting to hypothesize that all ionospheric structuring is due to plasma instability processes,
However, data correlations made by Fremouw (1968) suggest an intimate association between radio-star visi-
bility fades and auroral luminosity. As we suggest later this observation and the low axial ratios measured
by Flood (1963) and Anderson and Tsunoda (1969) may mean that auroral precipitation produced E- and lower
F-region ionization is also important in producing structured ionization that can affect radar, We shall
discuss, briefly, both processes here. We investigate particle precipitation first,

4,3,1 E-Reglion lonization Produced by Particle Precipitation

Auroral particle precipitation regions move fairly rapidly. Therefore the ionization pro-
duced by the particle precipitation can only build up to large values that can affect radar in regions
where ionospheric chemistry is fast. lonic equilibration times are on the order of seconds at altitudes
between 100 and 120 km., Between 250 and 450 km, ionic equilibration times are tens of minutes, To pro-
duce high electron densities by particle precipitation at these higher altitudes would require a very
stable, long duration auroral form lasting tens of minutes that did not move its own width,

The work by Fremouw (1968) demonstrates a near one-to-one correspondence between radio-star visibility
fades and auroral optical excitation along the line of sight to the star, Height distributions presented
by Liszka (1968) do indicate amplitude scintillation production at E-region heights, The height distribu-
tions presented by Liszka are based upon satellite amplitude scintillation measurements, The most likely
heights for the scintillation causing irregularities is between 250 and 450 km, However, amplitude scin-
tillation is not necessarily accompanied by angular effects as measured by interferometers. Moorecroft
and Forsyth (1963) first pointed out some of the apparent contradictions that seemed to result when only
amplitude scintillations are considered, Severe phase-dominated scintillation--that leacds to radar angular
errors--is only unambiguously diagnosed by use of interferometers. Therefore we hypothesize below that
the radio-star visibility fades that were the concern of Flood (1963), Fremouw (1968), and Anderson and
Tsunoda (1969) are produced by aurorally produced ionization at E- and lower F-region heights

For illustration purposes, we describe two types of visible auroral forms and show how they can lead
to axial ratios (Anderson and Tsunoda, 1969) of less than and greater than one., For the first case we
choose a long, east-west, homogeneous arc, We assume that the arc moves slowly towards the north or south,
At an altitude of 110 km, the fast ionic chemistry allows electron densities to build up to their large,
steady-state values during the passage of the arc, The particles do not penetrate below some altitude,
say 90 km, therebhy providing a lower border to the ionization region. At altitudes above 150 km, the
ionic chemistry is so slow that as the arc moves past a parcel of gas, the ionization level does not build
up to an appreciable value. Therefore the slowly moving, homogeneous arc will produce a nearly horizontal
rod of ionization, The rod of ionization might be tens of kilometers in the vertical direction and hun-
dreds of kilometers in east-west extent, This rod of ionization would lead to radar elevation angle errors.
Interferometers of the type used by Anderson and Tsunoda (1969) would interpret this ionization rod as
having an axial ratio much less than one. Their 1nstrument would characterize it as pancake-shaped blobs
of ionization.

For our second cxample, we assume that rayed structure develops 1n the arc. Since visible rays seem
to be on the order of a kilometer or so in size, we now see that the rayed-arc would produce a horizontal %
rod of ionization with strong magnetic field aligned columns imbedded inside. For this situation, the
interferometers would deternine an axi:l ratio that would be greater than one,

Thus, we see that particle precipitation can produce ionization structures at F- and lower F-region
heights that will have axial ratios that may be less than or greater than one, The data of Anderson and
Tsunoda (1969) presented in Figure 4.5 show such a varistion. Fremouw (1968) indicates auroral luminosity
whenever radio-star fadeouts were observed, such fadeouts imply severe angular scintillation, Plasma
instabilities of some sort may also play a role in structuring the E-region ionjzation--but particle pre-
cipitation inhomogeneities as we describe above also seem capable of producing the needed ifonization
structure,

Based upon all data scanned by this reviewer, it is his opinion that angular scintillation in radar

ey

propagation is produced mainly by intense ijonization irregularities generated in the F and lower F region

by auroral particle precipitation, The data seem, without question, to show that severe angular jitter
that produces interferometer radio-star visibility fades occurs on propagation paths that traverse regions
where particle precipitation 18 occurring. Though it may he premature, this reviewer assumes that the
scintyllation-producing irregularities that exist at high altitudes and described by Liszka (1968) develop
angular spectra (cone angles of arrival) that are too narrow for current interferometer experimenta to
detect as visibility fades, This reviewer also suggests that the high axtal ratios inferred by Liszka
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(1968), Asrons (1971), and many others utilizing satellite amplitude scintillation measurements are
applicable to the high altitude density fluctuations--namely between 250 and 450 lm.

4.3.2 F-Region Irregularities and Interchange-Plasma Instabilities

As indicated earlier, it is tempting to ascribe density fluctuations to plasma instabilities
of soms kind. Morphological studies (Liszka, 1967; Aarons and Allen, 1971) show that the high altitude
structured ionization is often associated with the northern boundary of the midlatitude trough in polar
regions. It has been suggested that the trough is produced by a Westward E X B drift before midnight and an
Eastward E X B drift after midnight. This meckanism will deplete the regions around magnetic midnight that
are subject to these electric fields, but the mechanism does not allow the trough's continuity through the
day side. These electric fields, if they do occur in the north-south gradient of ionization, may cause that
gradient to become unstable by a plusma-instability mechanism that may be related to the Kelvin-Helmholtz
instability of classic fluid dynamics. For the reader who is not well versed in instability theory, the
Kelvin-Helmholtz instability is responsible for ‘he production of surface waves when the wind blows across
the surface of a body of water. The plasma saalogy would require collocation of a gradient in electric
field and a parallel (or antiparallel) gradient in plasma density. In this way there is velocity shear
across a density gradient--low-density plasma (the wind) sliding by high-density plasma (the water surface).

An alternative hypothesis is that there is an eastward-directed electric field, with appro-
priate north-south gradient, that causes E X B drift of F-region ionization northward out of the trough
into the northern border. In this situation, conditions seem right for the onset of the gradient-drift
instability of Simon (1963) and Hoh (1963).

The difficulty with these hypotheses is that, though Liszka (1967) has shown that the
northern side of the trough is characterized by large scintillation indices, he claims that the scintilla-
tion is not connected with the gradient of electron content nor is it caused by the increased electron
content to the north of the gradient,

Nevertheless it has been proposed by Cunnold (1969) that the very-high-altitude F-region
density fluctuations are in fact propagated upward along the earth's magnetic field from lower-altitude
operating plasma instabilities. The instability that he had in mind was a generic form of the Simon-Hoh,
gradient-drift instability (Simon, 1963; Hoh, 1963). This instability requires the presence of a magnetic
field, that there be a gradient in ionization density, and that there be a collisional interaction between
the neutral and the ionized portions of the ionosphere. The instability is most effective when the
coupling between the electrons and the neutral gas is sufficiently weak that the electrons are almost
free to move independently of the neutral particles.

Plasma instabilities seem to be very important in producing the structures that affect high
altitude radar propagation. This is true both for transmission effects, of concern in this section, and
for clutter, of concern in Section 3. The Simon-Hoh, gradient-drift instability probably is an important
process in producing E-region clutter, Sporadic-E and, most interesting here, possibly in structuring very
high altitude F-region ionization. Because of its importance we shall attempt here to provide some physical
insight into the instability mechanism.®

We hypothesize a plasma cloud as in Figure 4.9. We suppose that neutral particles (the
neutrai wind) are flowing through a plasma cloud as indicated. (Because of the very low density at high
altitudes, the neutral and ionized particles can slide by one another.) It is the relative motion of the
ions and neutral particles that matters. If our frame of reference is chosen to be stationary with re-
spect to the ions, we then speak of the neutral wind flowing through the ions. If we chose our frame of
reference to be stationary with respect to the neutral particles, then we state that the ionized cloud is
moving under the action of an E X B drift. This description is not completely rigorous, but it does enable
us to discuss generic behavior of the phenomena more readily. For our discussion we shall stay with the
ions and let a neutral wind flow through the plasma as shown in Figure 4.9,

A neutral wind flowing through the plasma will impart momentum tO> the plasma particles by
collisions. In the presence of a magnetic field, the charged particles will then have a tendency to flow
across the cloud, generating a current as shown. I[f the cloud was a piece of copper, we'd call this an
eddy current, If there is a closed current path outside the cloud--say, down to the E region--then a
J X B, Lorentz force is generated by the eddy current. This Lorentz force acts upon the plasma, which
then resists the neutral wind force that is attempting to drag the plasma with it,

We now inveetigate the gradient of the cloud out of which the neutral particles flow,
Figure 4.10(a) is an illustration of this side of the plasma cloud. In this figure the magnetic field is
assumed to be cut of the sheet, Higher Jensity plasma is on the left, low density plasma on the right;
beiween is the gradient region. As indicated above, there exists a neutral-wind, collision-cau: d current
that flows through the plasma with the current return elsewhere as, for instance, in the E region., This
current flows downward in this figure.

»
Figures 4.9 and 4.10 to be shown and the basic arguments to be presented are a product of discussions with
Drs. Joseph Workman, Lewis Linson, and Albert Simon though the author accepts re: asibility for errors.
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In Figure 4.10(a) we have schematically illustrated the collision produced trajectories of
the electrons and ions. Since these collision produced drifts are in opposite directions, these drifts
lead to the current that we described iicroscopically by means of Figure 4.0,

Let us iatredurée :nin the gradient a region of slightly increased plasma density as indicated
in Figure 4.10(a). The neutral wind collision induced motion of the ions and electrons in the higher den-
sity region is the same as elsewhere. Therefore the collision-induced trajectories cause the iose =i
electrons to separate as we have illustrated by the solid and dashed circles indicating the higher density
region. The charge separation produces the surface charges that are shown. These surface charges produce
a local electric field inside of the higher density plasma blob which field.acts to prevent continued
charge separation. This electric field is oriented vertically upwards in the figure.

In Ffgure 4.10(b), at the inset to the right, we have illustrated the trajectories of elec-
trons and positive ions in the presence of an upward directed electric field and an outward directed mag-
netic field. Both the electrons and the ions E X B drift to the right--with the same¢ velocity. Thus, they
move together. 'rhu‘, tuen, is the ultimate motion of the plasma blob that we placed in the density gradient.

We have illustrated this motion by the change in the position of the slight density increase
in the gradient region. The bhlob moves from the region of high density to the region of low density. The
blob is now surrounded by lower density plasma than before. Therefore the fracticnal variation in plasma
density from outside to inside the blob has increased.

If instead of an isolated, slight density increase, we had introduced a "bump" of higher
density plasma on the left protruding intc the gradient region, the same effects would apply and the bump
would move off to the right. Moving into a region of lower ion density would make it appear as though the
bump was growing, and again the fractional variation in local plasma density would increase.

In fact such bumps will grow from naturally occurring statistical density fluctuations.
They will produce magnetic field aligned blobs or striations of ionization. Again the requirements are
that there be a magnetic field and a plasma with a gradient. There must also be relative motion between
ions and neutral particles (a neutral wind if you stay with the ions, an E X B drift if you stay with the
neutrals). If the reader has followed our arguments above, then he also can show for himself that in order
for the instability to grow--iv mix blobs of high density plasma into regions of low density plasma--the
neutral wind must blow from high density plasma into low density plasma, If the wind blows the othei way--
from the low density plasma into the high density region--bumps will move back and the gradient region will
become smooth.

Cunnold (1969) has proposed that this gradient drift instability takes place in the lower F
region and its effects are amplified up the earth's magnetic field lines. At this writing there is insuf-
ficient additional work, analysis, and rebuttal to evaluate the validity of this concept. As with all
other instability concepts, it is the large-amplitude, ncnlinear regime that is actually observed by radar-
propagation measurements. These currently are not handled by theory.

The F-region irregularities in the polar ioncsphere that cause radar-perturbation problems
are often modeled as elongated blobs of ionization that are characteristically a kilometer in diameter and
5 to 20 kilometers or so long. In actuality, measurements usually determine an aspect ratio (length to
diameter) of a spatial autocorrelation function that is used as a statistical description of the phase-
perturbing screen. An actual visualization of a structured polar F-region ionization is afforded by photo-
graphs of structured-barium clouds., The deployment of barium vapor in the ionosphere in the presence of
sunlight leads to the generation of a plasma cloud containing gradients in ionization that take place over
a few kilometers. Relative motion of barium and neutral particles is created by wind or electric fields.
The structure of a barium cloud is revealed optically by the resonance reradiation of sunlight.

Figure 4.11 presents a pair of photographs of a fairly large barium-vapo *lease after the
cloud has gone unstable., One photogruph is nearly exactly along magnetic field lines, t. other views the
cloud from the side, It is thought that the cloud becomes structured by a generic form of Simon-Hoh in-
stability (Linson and Workman, 1970; Simon, 1970). This is the instability that Cunnold has suggested
initiates the structuring of the polar F region. If this is the case, then the two photographs of Figure
4.11 that show a view of th¢ barium cloud fror the side and directly up the magnetic field lines give us a
visualization of what the structured polar ionjzation may be like.

4.4 Summary of Radar Transmission Through Polar Ionization

Radio star and satellite transmission studies show that radar propagation in the polar ionosphere will
suffer amplitude and angular scintillation, The polar ionospheric regions that cause scintillation are
thought to be associated with the northern side of the midlatitude, F-region trough. Scintillation seems
to be produced mainly by structured ionization at altitudes between 250 and 450 km., Fremouw (1968) states
that the most severe angle scintiilation (visibility fades) occur when intense auroral optical emissions
are observed along the line of sight to the radio source. It is aiso observed (Anderson and Tsunoda, 1969)
that severe angular jitter leading to radio-star fades is produced by structured ionization that 1s mag-
netic field aligned with axial ratios between 1/2 and 7. The axial ratios measured in conjunction with am-
plitude scintillation of satellite signals (Liszka, 1962) seem much greater (8 to 21),
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We are led to hypothesire the following: Radar refraction errors (angular jitter, angular flicker or
angular scintillation) probably are caused by E- and lower F-region ionization produ:ed by precipitating
auroral particles. The structure of the ionization may be produced in part by structure in the precipi-
tating particle tlux and partly (for small axial ratio cases) by the dynamics of the E-region ionic chemistry.
Plasma instabilities in the E-region ionization could also play a role though our experience with magnetic
instabilities suggests that if these were important, larger axial ratios than Anderson and Tsunoda (1969)
measure would b2 found. Certainly the more severe radar effects are associated with regions of optical
emission,

Radar amplitude scintillation will be produced by E~ and F-region ionized structure, Messurements to
date using interferometers suggest to us that the angular spread produced by regularly observed F-region
irregularities is too narrow to have been detected as visibility-fades even though thev produce amplitude
scintillation. On this :eis we suspect that the F-regjon irregularities may not produce significant
angular errors to radars operating at frequencies above several hundred megahertz.

If our hypotheses above are correct, the significant radar angular effects are probably associsted
with the auroral oval which generally lies to the north of the midlatitude trough. Amplitude scintilla-

tion can be expected to be experienced for radar signals that traverse the F region north of the scintil- ?
lation boundary--which boundary is situated on the northern side of the midliatitude trough., It is well ';
known that higher-frequency radar systems are less subject to propagation problems that result from tra- 3

versal of structured ionization. From an engineering and an economics point »f view it is not always
possible to design adequate radars to perform the needed missions at, say, L band and higher frequencies,
Therefore it is necessary to determine the ultimate accuracy that polar propagation will permit for VHF
and UHF radars,

ki, e i

Actual propagation tests with reair, high-performance radars are just beginning. Usable results are
expected within the next year. q

Extrapolation from radio-star studies have been made, These extrapolations suggest that UHF radars
may not always be able to achieve angular tracking accuracies that are needed. Angular scintillation con-
ditions at L band, as extrapolated from VHF radio-star measurements, seem sufficiently benign to allow
achievement of tracking accuracies in the 0.l-mrad (0.006°) region,

Recent measurements at 1675 MHz and even at 4 GHz and 6 GHz indicate occasional large-amplitude scin-
tillations that could compromise acquisition of signature data even for L-band and S-band radar frequencies,

There have been several mechanisms proposed to explain the generation of high-altitude irregularities,
As far as we know, the authors of these ideas have not vet provided unique experimental concepts that can
be used to validate their proposals, i
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OBSERVATIONS OF 48 MHZ AURORAL RADAR
PROPAGATION ON A NETWORK IN THE AURCRAL ZONE

A.G. McNamara
Astrophysics Branch
National Research Council
Ottawa, Canada

SUMMARY

Four auroral radars are operated on a continuous basis at Ottawa, Thompson, Churchill, and Great
Whale. The Ottawa radar is at 45° latitude and the other three are at approximately 570, in the auroral
zone. The high ivncidence of auroral activity at these locations permits both statistical and detailed
single event studies of radio aurora morphology and scattering mechanisms. In spite of magnetic aspect
control, strong auroral backscatter signals are detected at all azimuths with aspect angles of up to 25
from the magnetic perpendicular. These observations create difficulties in explaining radar aurora in
terms of ion acoustic waves developed from linear models such as the two-stream instability theory. As
well as direct auroral bhackscatter, the radars sometimes detect sporadic-E propagated ground scatter,
usually in association with auroral disturbai:ce. The simultaneous cbservations of these various auroral
phenomena by the multiple stations permit more definitive measurements of the processes involved.

3l INTRODUCTION

Since 1955, various combinations of auroral radar stations have been in operation in Canada to study
the morphology and mechanisms of radic aurora. The VHF auroral radars have been operated at Ottawa,
Saskatoon, Thompson, Churchill, Baker Lake, Resolute, and Great Whale., This paper presents data obtained
mainly from the presently operating network at Ottawa, Thompson, Churchill, and Great Whale. These sta-
tions are identified in the text by the mnemonics OT, CH, TH, GW, respectively. The latter three stations
are in the auroral zone and the Ottawa station is well south of the zone. The network was selected for
optimum overlap of their beam coverage to permit simultaneous viewing of a common volume of the auroral
ionosphere from widely varying aspect angles, with the object of detailed study of aspect dependence and
plasma instability scattering mechanisms. Figure 1 shows the location of the radars and their 1000 km
range circles. The data presented here are a preliminary study of the characteristics of the auroral
backscatter as seen by this network.

2. EQUIPMENT PARAMETERS

The radar frequencies are closely spaced about a nominal value of 48.5 MHz. A 300 us pulse of 1 kw
peak power 1s transmitted at a repetition rate of 70 per second. A common antenna is used for transmit-
ting and receiving, and consists of stacked array of driven and reflecting elements with a one-way gain of
9 db, and a half-power beam width of 76°. In the transmit/receive mode, the antenna gives a gain of 18 db
and a beam width of 52°. The antenna rotates 360 continuously with a period of one minute. These radars
operate and record data continuously and unattended?.

3. ASPECT ANGLES

Measured survey values of the earth's average magnetic field have been used to compute the aspect
aagles of the radars. The computations were done for two heights of reflection, 100 km and 110 km, based
upon previous measurements of the scattering height2~8. The computer output was printed as an array of
values in latitude and longitude, and contours of constant aspect angle drawn through them. A sample
aspect contour map is shown in Fig. 2, for the Churchill radar and an assumed reflection height of 100 km.
The locations of the four radar stations are also indicated. By appropriate selections of the geogreaphic
coordinate increments and the computer print format, the printout grid can be made to represent approx-
imately a map projection. Tabk I gives the station coordinates, the best aspect angles for 100 km and
110 km reflection heights, and the Universal Time equivalents of local midnight at the best aspect region.

TABLE 1

Characteristic parameters of the Radar Network Geometry

STATION oT CH TH GW

PARAMETER
Station lat. 45.37N,75.6°W  58.8°N,94.0°%  55.8°N,97.8°W  55.4°N,77.8%
and long.
Best aspect 51.5°N,78°W 66°N,97% 62.5°N,98% 62°N,84°u
lat. and long.
Best aspect angle 0.8° 7.9° 6.5° 5.5°
for 100 km height
Best aspect angle 1.3° 8.6° 7.2° 6.2°
for 110 km height
Time of local 05:12 UT 06:28 UT 06:32 UT 05:36 UT

midnight at
best aspect point
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A previous paper has presented an analysis of aspect angle dependence using data from part of the
IGY network of similar radars. Simultaneous echoes seen southgard from Baker Lake and northward from
Saskatoon, encompassing off-perpendicular aspect angles from 5 to 20 , ylelded an average attenuation
rate of 1.2 db/degree. The present radar network comprising OT, CH, TH, and GW views a much larger com-
mon volume with aspect angles in the range 5 to 20" off-perpendicular, and a much greater range of
azimuth angles.

4. EXAMPLES OF DIREC" AURORAL BACKSCATTER AND Eg GROUND SCATTER

Figure 3 shows exumples of radar returns on the range-azimuth display of the Churchill radar. The
time is approximately 06:00 U.T. (00:00 C.S.T.). Direct backscatter from radio aurora is occurring over
ranges from 200 to 800 km, and at all azimuths. In fact, during part of the time there is a gap in the
echo in the north and northwest sectors — the region where the aspect angle is most favorable,

At ranges from 1000 to 1500 km are seen sporadic-E propagated ground backscatter, occurring principal-
ly on a southerly azimuth. This phenomena occurs relatively infrequently but in associlation with auroral
disturbance. However, at any given time it may or may not be occurring in association with a direct back-
scatter echo at one-half the appare¢nt range. Hence it probably does not originate with the same mechanism
which creates the direct backscatter condition., Direct measurements of aurcral electron densities by
rocket probes3, liave shown thick bands of ionization to be present with densities of typically 1012 elec-
tcons/m®. At a ground scatter range of 1000 km, the sec ¢ factor is between 4 and 5, and oblique specular
reflection to frequencies of 50 MHz is possible. This appear: to be a reasonable mechanism for this echo
component. In a c.w. forward scatter link, this E; mode will be very strongly enhanced relative to the
true auroral scattering mode, and may even dominate the signals received at times.

Figure 4 is a composite plot of 7 hours of a radio aurora event recorded at Churchill. The direct
backscatter signal (the radio aurora) occurred over ranges from 200 to 800 km in azimuths centred on 330
and 90°, The Eg-propagated ground scatter occurred relatively independently in time and at ranges from
500 to 1500 km in azimuths centred on 330° and 90°. At times, one type would be present while the other
was not.

At the present time, insufficient azimuth data hawe been scaled from this network to build up reliable
azimuth distributions for all stations. However, scme azimuth distributions from the high-latitude IGY
stations are shown in Figure 5. It should be noted that aspect angle is not the dominating factor at
Baker Lake and Resolute, where the best aspect angle is again to the north.

5. DIURNAL AND GEOGRAPHI1CAL OCCURRENCES

Data from the year 1969 have been scaled for the four stations 0T, C!!, TH, GW, are plotted in Figure
6. The principal peak occurs at 05:30, 06:00, and 04:00 U,T. for CH, TH, and GW respectively. Reference
to Table I shows coincidence with local midnight for CH and TH, bu! the maximum occurs about 1 hour
earlier for GW. The OT distribution shows a double-humped distribution with a minor minimum just prior to
midnight. During the daylight hours, TH and GW show similar activity, but at a greater level of activity
than CH.

At the diurnal maximum, the three auroral zone stations recorded an occurrence frequency of 70%.
Over the year 1969, the average total occurrence for these three stations was 23-32% of the time, and 112
for Ottawa.

6. SIMULTANEQUS OCCURRENCE

Initial statistical analysis of the 1969 data has yielded a rcugh measure of the approximate time
correlation of the radio aurora at these stations. The analysis is based on time of occurrence only, with
half-hour time resolution. The percentage of echo occurrences which were simultaneously observed at dif-
ferent pairs of stations are summarized by matrix of Table II. The correlation of the auroral zone sta-
tions 1s fairly high. To obtain a measure of the multiple station correlstion, the simultaneous occur-
rence values were computed for the CH, TH, GW combination, and for the OT, CH, TH, GW combination. These
values were 25% and 7% respectively.

TABLE 2

Percentage coincidence of occurrence on radars, calculated
on half-hour time intervals.

oT CH TH GW
oT 100
CH 20 100
TH 19 46 100
GW 17 42 39 100

7. SCATTERING MECHANISMS

Previous papers“»5 have emgloyed part of the IGY radar netwcrk data to explore the applicability of
the lon acoustic wave model®)7,%:9 to tte observed radio aurora characteristics. These papers have shown
that the model is reasonable 11 some respects, huiL does not entirely explain the observed aapec% effects.
It appears that other mechanisms contribute or that non-linear proceasses introduce significant departures

from the linear theory. A najor objective the radar network described here is to attempt to resolve some

of these problems.

For 48.5 Miz backscatter, the ordered structure required to produce ar enhanced reflection from a
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plasma instability is approximately 3 meters. A spectrum of scale sizes, including both larger and
smaller scales, has been observed directly with rockets flown in a complementary program at Church1113,8
The measured spatial spectrum of the density fluctuations fits an expression of the form

s(f) ~ e f/fo

Depending upon certain assumptions about the shape and motion of such microstructures, the value of f,
was found to be in the range 60 to 400 MHz.
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Photographic recording of the cathode ray tube range-vs-time display of the Churchill rcdar.
The antenna rotates with a period of one minute.

Direct auroral backscatter and Eg-propagated
ground scatter are present.
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CURRENT EXPERIMENTAI RESULTS FROM
A VHF-CW AURORA!. BACKSCATTER
NETWORK IN SCANDINAVIA

G. Lange-Hesse

Max-Planck-Institut fiir Aeronomie
P.0. Box 20
3411 Lindau/Harz, W.Germany

SUMMARY

VHF bistatic continuous waves suroral backscatter communications (radio aurora) carried out
since autumn 1967 on a metwork in Scandinavia and northern Germany are analyzed with respect to
the influence of daytime, season and geomagnetic latitude on the frequency of occurrence of this
phenomenon. Furthermore exemples are presented which show the close control of the VHF auroral
backscatter by the polar electrojet. Finally some exemples are sal:own about the correlation between

optical and radio aurora.

1. INTRODUCTION

Observations of VIIF continuous waves bistatic auroral bachscatter communicationez are carried
out by the Max-Planck-Institute for Aeronomy at Lindau/llarz,West Germany since autumn 1967 by using
s netvork of VHF continuous vaves beacon transmitters and receiving stations in Scandinavia and
northern Germany. These observations are carried out in cooperation with severa! Norwegean and
Swedish institutes, boards and observatories. Since September 1969 simultaneous optical observa-
tions of the aurora are carried out by all-sky cameras and meridian scaning photometers in
northern Scandinavia in cooperation with the Aurorai Observatory Troms¢ in northern Norway and
the Geophysical Observatory Sodankyla in northern Finland to study the correiation between optical

and radio observations of the aurora., The whole neiwork is shown in Fig. 1.

The reduction of the observations with the network shown in Fig. 1 has shown that the back-
scattering of VHF radio waves by aurora is controlled not only by the visual aurora but obviosusly
on a larger scale by the polar electrojet {PEJ). About eight years ago Buneman [h] and Fariey [lﬂ
independentiy pointed out that in an ionospheric current system, e.g. the equatorial electrojet
(EEJ), plasma instabilities of a "two-stream” type can occur so that acoustic plasma waves are
generated. The plasma instability appears when the relative drift velocity between the ions and
electrons in tne electrojet (EJ) exceeds a certain critical speed which is close to the thermal
velocity of the ions., It is said that the electrojet at this phase has exceeded the threshold.
Acoustic plasma waves then are genereted in the shape of longitudina) density waves, which
propagate along the electrojet tranaverse to the geomagnetic lines of force.The periodical deneity
oscillations caused by the plasma waves (which represents a special fine structure of the EJ) are
the field aligned centers (field aligned to the geomagnetic lines of force) which give rise to the
backscattering of VHF radic waves. Bowles et al. [3] and Cohen and Bowles [5] have shown that the
VHF waves backscattering centers in the EEJ are caused by acoustic plcama waves. In the same publi-
cation the authors pointed out that the VHF waves hackscattering centers in the PEJ ohviously are
caused by the same mechanism. There is no doubt that the acoustiec plasma waves irregularities in
the PEJ after Farltey [13] and Buneman [Q] give rise to at least some radio aurora (Abei and Newell
ﬁ]; Holstee and Forsyth [iﬂ . However, there is also good qualitative evidence that irregularities
caused by the so callied cross~field or drift-gradient instability give rise to apecial types of
radio aurora (Unwin and Knox Blﬂ ; Knox Dfﬂ). Finally 1 shouid like to mention that obviously
irregularities ca® occur in the PEJ which give rise to apecial type of radio aurora produced by a

mechanisam which is not known at the present time.

Tle maximum of the current density of the PEJ fits together in a firat approximation with the

visual aurora. Previously, therefore, it was assumed that the normal ionization in the region of
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the visual aarora directly causes the backecattering of VHF radio weves. The reduction of the ob-
servations carried out with the network shown in Fig. 1 and the reduction of similar observations

carried out at other places, hovever, indicate that the fine structure of the PEJ is the more

controlling element of the VHF suroral backscatter phenomenon. If the PEJ (in a fine structure
that backscattering centers are produced in it by any mechanism) intersects a backscatter curve

in Fig. 1 then VHF auroral backscatter communications ought to occur between the pairs of statioms
belonging to the backscatter curve. For & pair of stations the appertainirg backscatter cuzve
represents the center of a region vhere the most favorable geometrical conditions (aluo called
"ideal backscatter conditions”) are fulfilled for VHF auroral backscatter communications. These
curves are calculated in Fig. 1 for a height of 110 km, Ideal backscatter conditions mean that at
the backscattering center the angle of incidence is equal to the angle of reflection referred to a
plane vertical to the geomagnetic lime of force (Fig.2). The geometry of the propagation paths
referred to the geomagnetic lines of force is much more complicated for bistatic auroral back-
scatter communications between stations close to the auroral zone (Fig. 1 and 2) compared to radar
backscatter measurements at the EJJ saa described by Bowles et ll.[}] and Cohen and Bowles [5]. This

L is why the reduction of all bistatic backscatter observations with respect to other geophysical

phenomena is difficult., For more details about VHF auroral backscatter see Czechowsky [6], [f], |
Czechowsky and Lange-fesse [lﬂ , [12], Lange-liesse [17]. [18], [19], Lange-Hesse and Czechowsky

[?(q.

2. THE CONTROL OF RADIO AURORA BY THE POLAR ELECTROJET

P T T

1 On February 27, 1969, & geomagnetic storm started at about 1400 UT (Fig. 4) and reached iis
A peak disturbance of Kp = 6+ from about 1600 to 2000 UT. During this time VHF auroral backscatter
: echoes were recorded with the network in Fig. 1. These observations are now compared with

simul taneous geomagnetic records i.e., with the location, directivn and intensity variations of

the PEJ. In the magnetograms of Fig. 4 bays occurred in the afternoon and early evening of February

27. From the sign of the bays in Z and from the positive sign in H {not shown here) it =an be
derived that from about 1400 to 1900 UT the center of the current is located north of Lerwick and
south of Leirvogur and flows from west to east. If one takes the PEJ model after Heppner (}4] the
observed current must be the eas‘ward flowing current of the PEJ system (Fig. 8). This part of the
PEJ between Lerwick and Leirvogur intersects the region of the Borliange-Kjelier backscatter curve
(solid curve in Fig. 1). At about 1420 UT the first vackscatter signal is recorded. At this moment 1
the amplitude of the bay in the H magnetogram from Lerwick (Fig. 4) is of the order of 100y . If
one takes the model! of Farley flj] and Buneran B] for the producing of the backscattering centers
in the PEJ the threshold wust %e reached at this time and the jeneration of ion acoustic waves :
starts. The peak of the firat smaller bay in the H magnetogram in Fig. 5 occurs at about 1440 UT
simul taneously with the first peak in the Borldnge-Kjeller backscatter signal. Exactly during this ;
peak a short backscatter signal with small amplitude appears on the more southern Borlinge-Nord-
deich line indicating that the I'EJ extends to the south so that it could just intersect the region

of the Bor!ange-Norddeich backscatter curve. No backscatter signa!, however, occurs during this time 3

on the southernmost line in Fig. 5 (Borlidnge-lindau).

The strongest bay with about 400y amplitude appears in the magnetogram in Fig. % at about
1630 UT. Simultaneous peaksin the backscatter zignal now occur on all three lines of Fig. 5. The
amplitude of the peaks on the two northern lines now are of the same order, however, the amplitude
on the southernmost Borldnge-Lindau line is much smaller. This indicates that compared to 1440 UT
the current has extended further to the south which now enables it to intersect the region of all

three appertaining backscatter curves simultanecusly.

A second stronger bay with an amplitude of about the same order as the first appears from abont
1720 to 1815 UT. This bay is bifurcated and shows two peaka. Simultaneously with the magnetic peaks,
peaks in the backscatter signals cccur on the lines from Borldnge to Norddeich and Lindau. The
magnetic bifurcation is best reproduced in the Borlinge-Lindau backscatter signa! trace. Strong

backscatter signals are also recorded during the bifurcated bay on the northernmest line (Boridnge-

Kjelier). If one assu.ues that the VHF waves backscattering centers are produced 1a the PEJ by
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acoustic plasma waves, according to the theory of Farley and Buneman a broad eastward flowing
current beyond the threshold must have intersected the region of the three appertaining backscatter

curves simultaneously from about 1700 te 1815 UT.

The last bay which is smaller in amplitade occurs in the H magnetogram from Lervick at about
1840 UT. Simultanevusly, a peak in the backecatter signa! appears on the Borliénge-Kjeller and Nord-
deich lines but barely a signal appears on the southernmost Borlinge-Lindau line. This indicates
that the PEJ and the backscattering centi:rs show a contraction to the north with declining
substorm. The results shown in Fig. 5 exhibit that the centers backscattering the VHF waves show
a similar behavior during a substorm as the visua) aurora: extenrion to the south just after the
start of the substorm and a contraction to the north towards the end. There are fairly good
evidences that cbriously there is also an extension to the north of the backscattering centers
like the visual aurora just after the start of a substorm (Czechowsky and Lange-Hesse (12)),A more
detailed study of the magnetograms from a chain of stations in the N-S direction iundicates that
during a substorm the PEJ also extends to the north and south and reaches its peak extemsion during

the peak of the substorm (Bostrém [2]).

In the following section the close relation between VHF auroral backscatter echoes and the
geomagnetic disturbance is investigated in detail. In this special case the H magnetogram from
lLlerwick and the VHF backscatter recordings from Borldnge-Kjeiler both for February 27, 1969 from
Fig. 5 are usei in Fig. 6. The variation of the hackscattered echo signals (in scale units ~ Ska-
lenteile) as a function of the horizontal perturbation vector Hy (inx ) from Lerwick is shown in

Fig. 6 in the lower diagram. The H, vector is computed from the values AH, AD and the base line

value ﬂo. In can be seen from the ?over diagram in Fig. 6 thst a threshold value of the order of
100 Y must be exceeded before the VHF aurorai backscatter process starts at about 1420 UT. If one
assumes that the VHF waves backscattering centers are produced in the PEJ by acoustic plasma waves
(according to the theory of Fariey and Buneman) the threshold indicates the start of the generation
of ion amcoustic waves, A hysteresis like behavior can alsoc be seen in the !ower diagram of Fig. b
which means that a stronger PEJ current (higher Hd value) is necessary for the generation of plasma
waves than for the maintenance of the waves which give rise to the backacattering process. A
hysteresis like behavior was already observed at the EEJ by Bovlies et al. [3]. Hysteresis like

behavior of the PEJ also was observed e.g. by Czechowsky [7] and Lange-lesse ﬁ!ﬂ.

The results shown in Fig. 5 indicate, that in order to interpret VHF aurora backscatter
communications, it is necessary to get informations about the location, the externd, the movement,
and the strength of the polar electrojet. The method used before to interpret the backscatter
recordinges in Fig. 5 and locate the PEJ only by using the sign of the bays in the H and Z magneto-
grams is a relatively rough methode. A much more precise method to get the wanted informations
about the PEJ was developed by Czechowsky [8], Pﬂ. In this paper a mathod is presented to calculate
an equivalent current system by determining the unknown parameters (e.g. heighi, direction, width
ef the current, etcetera) from the measured disturbance vectors oi the earth's magnetic field, AH,
AD, and AZ. With a model of a simple current density distribution ii is possible to solve the Biot-
Savart formula. In Pig. 7 results are shown for a current system calculated after this methode with
the values of AH, AD, and AZ froe the wmagnetograms of Leirvogur, Lerwick,Eskdalemuir, and Hart-
land during a period of about five hours during the strong geomagnetic storm (Kp up to 80) on March
2}/2%, 1969 compared with simultaneous VHF aurora backscatter recordings on the network in Fig. 1.
From the upper diagram in Fig. 7 it can be seen, that the PEJ has a large north-south ettension of
the order from 10 to 18 Jatitudes degrees which enables it to intersect the region of all backscat-
ter curves in Fig. 1. During the peaks of the storm the most southern extecsion of the PEJ goes down
to 55°-56° geomagnetic latitudes about from 2200 to 2300 UT and from 0200 to 0300 UT. During this
time backscatter signals occur on the southernmost lines Garding-Lindau and Bielstein-Lindau. It
can be seen ifrom Fig. 1 that the backscatter curves of these tvo lines have a most southern
extension down to 560 and 550 geomagnetic latitude respectively. In many caaes the_llrge north-seuth
extension of the PEJ (especially during stronger geomagnetic storms as in Fig. 7) makes it diffucult
to interpret in details VHF auroral backscatter communications. During lower geomagnetic activity,

hovever, the north-south extension of the PEJ is smalier.
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3. DAILY AND SEASONAL VARIATIONS OF VHF AURORA!L BACKSCATTER

Fig. 8 shows on the right side the average daily variation of the frequency of occurrence of
VHF auroral backscatter for the years from 1967 (upper diagram) to 1969 (lower diagram). The 1967
diagram represents only the observations from September to December. The 19t¢8 and 1969 diagrams,
however, have been computed from all 12 months of the year. In each diagram the maximum number

of backscatter echoes (written in each diagram) is made equal to 100%, This does not mean, that

backscatter echoes occur duriug the whole observation time but only the maximum number of ohserved

echoes. This procrdure makes it easier to compare the three diagrams eachother. A pronounced

minimum occurs in the diagrams of Fig. 8 at about 2200 hours MEZ (MEZ = Centra! European Time =
Time 150 East, this is about the local time). This minimum is called the evening minimum. A second
broader minimum occurs in the foreaoon from about 0800 to 1400 local time and is calied the forencon
ﬁ minimum. Two maxima occur, the first, the early evening maximum, at about 1800 to 1900 hours local
time and the second, the night time maximum, at about 0000 to 0200 hour iocal time. On a first

look it ie surprising that & minimum occurs in ti.e evening around 2200 loca! time since the auroral
1 oval after Feldstein (Fig. 9) has its southenmost extension during this time, that means that the
frequency of visual auroras has a maximum in the region of the backscatter curve for the Borlange-
Kjeller line mentioned in Fig. B (see also the lccation of the apertaining backscatter curve in

Fig. 1). One reason for this minimum could be given :f on assumes that the backscattering centers

in the PEJ are generated by ion acoustic waves after Farley and Buneman. The model of the PEJ

after Heppner ﬂk] in Fig. 8 left shows a strong main east current in the afternoon and early
evening hours between about 62° to 72o geomagnetic latitude. At about 2200 local time (the time of
the evening backscatter minimum) the main current reverses the direction from east to west and at
the reversal time the current strength is very low or zero. At this time no ion acoustic waves can
be generated since the current strength is far beiow the threshold that means that no backscattering
centers are produced. The time of the reversal of the main current of the PEJ around 2200 local

time can change from day to day in an interwai from the order of one hour. That obvinusly is the
reason that the evening minimum of the frequency of occurrence of VIF aurorail backscatter is
smoothed in the sverage daily variations in Fig. 8 right and does not dip te zero which often can

e observed on single days.

The forenoon minimum in Fig. 8 is broader than the evening minimum. The center of the minimum
is around 1004 loncal time. At this time again a reversa: of the PEJ main current occurs in the same
manner as during the evening backscatter wminimum. The current reverca: veems to give only a small
contribution to the morning winimum. The main reason seems to be that at this daytime the auroral

oval and also the PEJ is located at higher latitudes (Fig. 9) well north of the regions of the

backscatter curves of Fig. 1 so that an intersection between backscatter curves and PEJ is

impossille under normal conditions.

The average daily variation of the frequency of occurrence of VHF auroral backscatter divided
into summer and vinter time observations on the two lines Borlange-Lycksely and Borlange-0slo g
(Kjeller) (see also Fig. 1) is shown in Fig. 10, There is a striking difference bhetween the summer

and winter time average dai!y variations. In summer time the evening minimum is well pronounced

and very low on both lines. In winter time, however, this minimum is less pronounced. No difference
occurs in the maximum frequency of occurrence between summer and winter on the Borlange-lycksele
line (right side of Fig. 10). On the Borlange-0s o (Kje!ler) line, however, thia maximum frequency

is lower in summer, about 2/3 of the winter time value,.

4. INFLUENCE OF LATITUDE 4

The influence of latitude on the average daily variation of the frequency of occurrence of VHF
auroral backscatter shows Fig. 11 for the 12months interva!l from April 1470 to March 1971. The
maximum number of VHF auroral backscatter observations on the northernmost }ine Rorlange-lLychsele
im 169 in 12months that means 1n average about every sccond day a backscatter occurrence. 9n the
next southern line Bor:dnge-0slo (Kjelier) this maximum number is 91 or in average about every
forth day a backacatter occurrence. On the southernmost line Borlange-Norddeich, however, every

23rd day 1n average a backscatter occurs.
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. CORRELATION BETWEEN RADJYO AURORA AND OPTICAL AURORA

A comparison hetween the occurrence of optical aurora and radio aurora is shown in Fig. 12,
The diagrams ai the top show the brightness of the 5577 L emission at different times observed at
Tromsé with a meridian scaning photometer. The brightness ia given in kR (kilo Rayleigl). The
first optical observation on that day is made at about 1520 UT. From the sign of the bays in the Z
and H magnetograms from Abishce it can be derived that the center of the PEJ is south from Abisko
from about 1430 to 1700 UT and over Abiako from about 1700 to 2040 UT. From the Tromso magneto-
grams (not shown in Fig. 12 due to lack of space) it can be derived that the PEJ has an extension
to the north at least up Lo Trumso which enables it to intersect the backscatter curves of the
Borlénge-Lycksele and the Borlange-Kjeller line. The backscattering of VHF radio waves starts og
the northernmost Borlange-Lycksele line at abecut 1415 UT when the amp!itude of the H magnetogram
is of the order of abo:ut I(H)‘f , which again indicates a threshold. The backscatter signals
disappear on this line st about 2000 UT. At this time the amplitude of the H magnetogram is of the
order of 308' which indicates the hysteresis like behavior as shown in Fig. 6. The variations of
the Abisko H magnetogram and of the fieldstrength of the backscattered signal at Lycksele show a
close correlation which again indicates the control of VHF aurorcl backscatter by the PEJ. A
comparison between the amplitude ~f the backscattered signai and the brightness of the 5577 L
emission shows that the brightness maxima occur during the peaks of the backscattered signa! and
also during the peaks of the magnetic bays. When the signal amplitude decreases the brightness of
the aurora also uses to decrease, see e.g. un the Borldnge-Lycksele .ine at about 1520 UT (the
first optical ohservation at Tromso on that daygn:t about 173¢ UT and 2000 UT. The backscatter on
on the more southern line Borldnge-Kjeller sterts about 3 minutes later as on the northernmost
line, at this time the center of the PEJ starts to move to the south from Abisko and during the
peak of the substorm at about 1545 UT the backscatter signals on both lines (especially on the Bor-

linge-Kjeller line) show a pronounced maximum.

The Doppler shift of the backscattered signal at Kjeller (Fig. 12) shows a positive sign
during increasing fieldstrengt at Kjeller (from about 1445 to 1515 UT, and from about 1820 to 1835
UT) and a negativ sign during decreasing fieldstrength. The interpetration of the Doppier shift
recordings is difficuit, One reason for it is the fact that the half power width of tne receiving
antenna is very broad (: }Ho) that means thet one gets contributiona to the Doppler shift from
different directions. Plasmn acoustic waves propagate with the sound velocity in the region of the
FiiJ at about 110 km height. On the freguency of 145,900 MHz this sound velocity gives a Doppler
shift of D>400 Hz. The observed Doppler shifte in Fig. 12 show peak values up to 150 Hz. This is
not in accordance with the plasma acoustic wave theory. Doppler shifts of the order of 4un Hz have

been observed on the network, but not very often.

Aucther comparison hetween the accurrence of optical aurora and radio aurora is shown in Fig.
13. The H magnetogram from Tromac shows three bigger positive bays between about 2040 and 2300 IT.
The variations of the II magnetogram during these bays show a good corre:ation with the amplitude
variations of the backscattered signai at Lycksele (the northernmost line). The peahs of ths
magnetic bays fit together with the peaks of the hackscattered signa which again indicates the
controll of the backscalter by the PEJ. At about 19 « T a very weak barkscatter signal occurs at
Ilychseie of the order of 1 to 2 db above noise leve which lasts about until 2040 UT. During this
time the Il magnetozram shown an amplitude of about 50 to 7t xnnd has a relatively smoothed shape
with no bays. The optical ohservations of the a!l-shy camera at Tromso show no aurora at abtout
1830 UT when no bachkscatter signal occurs. The bright :ight on the right and bottom side of the
all-sky pictures is artifica! light srom the town of Tromso. During the occurrence of the low
backscatter signa at Iyckseie the a!l-sky pictures show a homogenecus stab’e are at the zenith of
Tromso. During the bays in the Il magnetogram after about 2100 UT especially during the amplitude
peaks of the backscattered signal! the all-aky pictures show the break up phase of the auroral
substorm. When the backscattered signal shows a pronounced decrease e.pg. at about 2220 UT the au-
roral activity on the ail-sky pi-ture also shuws a decrease. The backscattered signai disappear at
Lycksele at about a few minutes after 2300 UT. The amp'itude of the I magnetcgram at this time 18

of the order of aboeut m:x(hvsteresxa) and the a'i-sky picture showe a faint homogeneous stable arc
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low in the north outside the backscatter region of the Borlinge-Lycksele line (Fig. 1).

The Doppler shift of the backscattered signal at Lycksele shows a positive sign during the
time when the signal increases (from about 2050 to 2105, from 2125 = 2155, and from 2230-2245 UT).
When the backscattered signal dec.eases (from about 2110 to 2125 and from 2200 to 2230 UT) the
Doppler shift is around zero. During the weak backscatter signal! at the time of the homogeneous

stable arc no Doppler shift occurs.

On the southernmost line Borlénge-Kjeller backscatter signals occur, when the 2 magnetogram
from Tromso shows a strong negative bay from about 2100 to 2220 UT. The sign of the ampliiude in
the H and 7 magnetogram indicate that at this time the center of the PEJ is south oV Tromato which
enables it to intersect the backscatter curve of the Borldnge-Kjeller line (Fig. 1). The peak of
the backscattered signal on the Borlénge-Kjeller line occura exactly during the peak of the bay
in the Z magnetogram. At the same time the brightness of the 5577 { emission at Tromso (lover dia-
grams in Fig. 13) shows its absolute maximum during the observation time shown in Fig. 13, About
15 minutes later (at about 2205 UT), when the bay in Z has nearly disxappeared and the backscattered
signal on both lines also has considerably decreased, the brightness of the 5577 £ emission shows
a decrease dewn to nbout one third of the maximum value. When the backscattered signal increases
again at about 2235 UT (in this case only on the northernmost line Borlange~Lycksele) the bright-
ness of the 55377 X emission also shows a pronounced increase and a decrease about 10 minutes later

when the backscattered signal decreases again.

A last comparison between the occurrence of optical aurora and radio aurora is shown in Fig.
14 in the same manner of representation as in Fig. 12. Fig. 14, however, shows in addition to Pig.
12 the H and 7 magnetogram from Abisko. The optical observations in Fig. 14 have been restricted
(due to meteorological reasons at Tromso) from about 1905 to 2100 UT. The amplitude of the H
magnetogram from Tromso predominantly has a positive sign during the whole observation time in
Fig. 14. A« about 1800 UT the first backscatter signal occurs on the northernmost Borlange-Lycksele
line when H has an amplitude of about 50x1threshold). The signals disappear on this line at about
2100 UT when H has an amplitude of about 208»(hysteresis). On the southernmost Borlange-Kjeller
line backscatter signals only occur during the time when a negative bay occurs in Z magnetogram
from Tromso. The sign of the bays in H and Z at Tromso indicate that at this time the center of the
PEJ is south of Tromso which enables it to intersect the backscatter curve for the Borldnge-Kjeller
line (Fig. 1). During the peak of the magnetic substorm from about 1950 to 2020 UT the backscatter
signal on both lines shows its peak amplitude. At the same time the brightnesc of the 5577 R
Emission at Tromso also shows its pcak value of the whole observation time shown in Fig. 14. When
the backscatter signal on both lines shows a pronounced decrease from about 2015 to 2100 UT the
5577 X brightness also shows a pronocunced decrease. The Doppler shift of the backscattered signal
at lLycksele shows a positive value up to about 150 iiz nearly during the whole time when backscatter
signals nccur at this station. When the backscatter signai shows a pronounced decrease on both

lines around 2030 UT the Doppler shift is zero.

6. CONCLUSTONS

In summary it can be said that there :s a good correlation between optical aurora and VHF
continuous wave radio aurora under the assumption that the optical aurora is observed in the region
where the backscattering centers for the VHF radio waves are located (in the case of the line Bor-
lange-Lycksele the backscattering centers are located in the region of Tromso). In this case there
is a good correlation between the peak amplitudes of the backscatted VHF radio waves and the peak
brightness of the 5577 % emissions. One also ohserves strong backscatter amplitudes during the
break up phase of the auroral subsatorms. There is always a close control of the VHF backscatter
phenomenon by the polar electrojet. The shape of the geomagnetic variations in the H magnetogram
below the center of the PEJ (especially the substorm bays) show a close correlation with the shape
of the amplitude variations of the backscattered signal. In addition to this VHF aurora backscatter
measurements (esapecially the threshold) give informations about a specia’ fine structure of the PEJ

which obviously can not be get by geomagnetic measurements, perhaps by a special kind of pulsations but

oV~
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] this, so far as I knov, has to be investigated.
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Position of the VHF beacon transmitters (SM4MPI, recently changed in SK 4 MPI, near
Borliénge, 145.960 MHz; DL § PR, Garding, 145,971 MHz; DL § AR, Detmold,29.0 MHz) and

of the receiving stations (Lycksele, Kjeller, Norddeich, and Lindau) with the appertaianing
backscatter curves for the pairs of stations mentioned in the figure. The arrow at the
stations indicates the direction of the antenna beam (half-power width b }00). The back-
scatter curves represent the location at the 110 km height level (frequency waximum of
the auroras) where the ideal backscatter conditions are fulfilled (Lange-Hesse and
Czechowsky [20] ; Lange-Hesse 17 ) meaning where the backscattering centers (which
obviously are spatially and temporally correlated with the PEJ beyond the threshold)
must be located in case of the occurrence of auroral backscatter communications between
the pairs of stations specified in the Figure. Tr = Auroral Observatory Tromso; Ki = Geo-
physical Observatory, Kiruna; So = Geophysical Observatory Sodankyld; Ab, Lo, Do, Le =
Geomagnetic Observatories Abisko, Lovb,Doubgs and Lervick, respectively. * = geomagnetic

latitude, & = geographic latitude.
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Fig. 2 Cross~sectional view of the earth with the geometry of the propagation path in the ver-
tical direction for VHF bistatic auroral backscatter propagation between the two points
So and S1
kb' k1 vector of the wave normal of the incident and backscattered wave, resp.
eo' €y angle between ko and kl' resp. and the xy-plane,
J magnetic dip angle
S:%,{) , propagation angle = angi: between th