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INTRODUCTION

R ..EFLECTIONS of meter waves from the ionosphere,
characteristically related with polar aurora zones,
were first observed shortly before the second world
war.1 '2 Systematic investigations with use of the much
superior radar techniques began only after the war.
Contributing to the post-war rediscovery of UHF r e -
flections near the auroral zones was the development
of meteoritic radio astronomy service in many coun-
tr ies , since the optimum frequencies of the "aurora l "*
and meteoritic radio reflections are approximately the
same (although the character of the reflected signals
is quite different in the two cases) .

Radar reflections from aurora have been the sub-
ject of considerable attention in geophysics since 1947.
Optical methods (spectroscopy and photometry) have
made it possible to investigate the excitation processes
that take place in the aurorae. The discovered feasi-
bility of radio reflections during the time of aurorae
has made it possible to supplement these researches
by investigations of the changes in the state of ioniza-
tion. A study of "auroral radio reflections" is , how-
ever, of independent interest. The existence of these
reflections demonstrates the presence of certain new
features, heretofore unknown, in the polar ionosphere.
The connection between the reflections of this type with
magnetic disturbances and aurorae is one of the meas-
ures of the intense action that corpuscular streams
exert on the ionosphere at high latitudes. It is inter-
esting that the use of more sensitive apparatus per-
mits sometimes the detection of radio reflection of
the "auroral type" at considerable distances from the

*In connection with the extensive programs of aurora research
during the International Geophysical Year, the following terminol-
ogy, proposed by S. Chapman, has been introduced: the regions of
the earth's sphere above 60° northern or southern geomagnetic lat-
itude are called "auroral belts," the regions between 60 and 45°
are the "subauroral belts," and the region between the geomag-
netic parallels 45° N and 45° is the "minauroral belt." The au-
roral zones in the narrow sense of the word, i.e., the region where
the frequency of appearance of aurorae is a maximum, lie approxi-
mately between 65 and 68° geomagnetic latitude. The maxima of
these zones are shifted appreciably towards the lower lattitudes
during the time of geomagnetic disturbances. The term "auroral
disturbances," which has recently come into use to denote the
aggregate of the processes that take place in the auroral zones
during the times of disturbances, is convenient because of its
brevity, and we believe it quite usable. The term "auroral reflec-
tions" is convenient in this case to denote the type of reflection
from the ionsphere which is characteristic for the auroral zones
during the periods of "auroral disturbances;" this term is perhaps
generally preferable to the presently used phrase "radio reflec-
tions from aurorae," which essentially is physically incorrect.

auroral zones, and in individual cases even at subtrop-
ical latitudes.3""6 Of special interest is the occurrence
of ionization of the "aurora l " type during atomic ex-
plosions in the upper atmosphere. The high ionization
density which results in steady UHF reflections, last-
ing for tens of minutes, has been observed in this
case not only in the explosion zone, but also (after
the lapse of a short time) several thousand kilometers
away in the magnetically-conjugate point of the oppo-
site hemisphere. This phenomenon is of interest from
the point of view of understanding the properties of the
earth's radiation belts, apart from the fact that it
implies the possibility of obtaining more exact informa-
tion on the structure of the earth's magnetic field.*
An investigation of auroral radio reflections is of
great significance for radio communication, particu-
larly in the extensive regions near the auroral zones.
Periods during which UHF reflections are observed
are frequently characterized by strong absorption of
short waves; in some cases the absorption may pro-
duce unpleasant static for UHF communication and
radar. On the other hand, specific conditions in the
ionosphere, which are produced at high latitudes dur-
ing the time of frequently repeated and prolonged mag-
netic disturbances, can apparently be used sometimes
to effect beyond-the-horizon UHF communication, often
under conditions when other bands are utterly or al-
most utterly unusable.2»7'8

Although "radio reflections from aurorae" have
been investigated in geophysics for more than ten
years, the information accumulated is not always suf-
ficiently well known to specialists of related fields.
Thus, for example, we read in the book "Radioastron-
omy" by Posey and Bracewell, recently translated into
Russian (Moscow, IL, 1958): "At high radio frequen-
cies, for example 30 Mc/sec, all or almost all random
reflections from the ionospheric levels are due to me-
t eo r s " (p. 372). This statement is far from true.

The Soviet literature does not include at present
any survey or general papers on radar investigations
of aurorae. This article is an attempt to present a
survey of the data available in the literature and to
report the main information on the characteristics of
"auro ra l " radio reflections.

The extensive program of the International Geo-
physical Year included also investigations of the radio
reflections from aurorae. Intensive observations were
carried out in many countries.

•Concerning artificial ionization, see the series of articles in
J. Geophys. Research No. 8, 64 (1959). These problems are not
discussed in the present article.
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During the time of the International Geophysical
Year, and during the preparations for it, the Soviet
geophysicists have also carried out many observa-
tions, some of considerable interest.* The materials
published up to the middle of 1960 are essentially
covered by this review, but it must be recognized that
the processing and publication of the greater part of
the results of the IGY is not yet concluded, and is
therefore not included in this review.

1. PRINCIPAL CHARACTERISTICS OF THE PHE-
NOMENON

The term " rad io reflections from aurorae" is not
physically accurate and is convenient only because of
its relative brevity: the aurora, being an optical ob-
ject, cannot reflect radio waves. By force of tradi-
tion, we can apparently continue to use this term with
the qualification that by reflections "from aurorae"
we mean reflections from the regions of increased
ionization associated with the aurorae.

It is known from many years ' ionospheric sound-
ing,9 from observations with artificial satellites, 1 0 ' 1 1

and from direct rocket measurements 1 2 ' 1 3 that under
normal conditions the maximum electron density in
the ionosphere does not exceed several times 106/cm3.
This daytime maximum value occurs at a height of
300 — 350 km in the F 2 layer. In the F x layer, which
exists only during the daytime, the concentration is
one order of magnitude less. At heights of 100 — 120
km in the E region the normal electron concentration
under daytime conditions is approximately 1.5 x 105/
cm 3 . It decreases appreciably during the night. The
D layer is not always present and its electron density
is not greater than (5 — 8) x 103/cm3.

Recent research has shown1 0"1 3 that the subdivision
of the ionosphere into distinct layers does not corre-
spond to reality: the increase in the electron concen-
tration towards the maximum in the F 2 layer (gloss-
ing over details) is more or less monotonic. To some
extent, however, the subdivision into the E, Fj, and
F 2 regions remains valid, since it does apparently
mirror the real existence in the ionosphere of layers
with different physical conditions, characterized for
example by a different ionizing agent or by a different
main ionized component.

Figure 1 shows the distribution of the electron con-
centration from 100 km up to the outer region of the
ionosphere, based on the data of Ya. L. Al'pert et al. 1 0

(determined by radio signals from the first Soviet
satellite), K. I. Gringauz (measurement of the elec-
tron concentration with a geophysical rocket) and of
Schmelovsky et al. (East Germany) (observations of
the signals from the third Soviet satell ite). 1 1

If we use the connection between the critical fre-
quency fcr of the regular reflection from the iono-
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FIG. 1. Distribution of electron concentration in height. 1 —from
observat ions with the first Soviet s a t e l l i t e in 1957 (Ya. L. Al'pert,
F. F . Dobryakova, Ё. F . Chudesenko, B. S. Shapiro); 2 - from
rocket measurements, 1958 (K. I. Gringauz); 3 — from observations
with the third Soviet satellite, 1958-1959 (K. Schmelovsky, L.
Klinker, R. Schmitt).

s p h e r e a n d t h e e l e c t r o n c o n c e n t r a t i o n N m a t t h e m a x -

i m u m of t h e l a y e r

A r

m = 1 . 2 4 . 1 0 4 f c
(1)

*Special recognition should be given to the services of Ya. G.

Birfel'd for the organization of the IGY radio research on aurorae

in the Soviet Union.

( t h e c r i t i c a l f r e q u e n c y i s i n M e ) , t h e n t h e c r i t i c a l f r e -

q u e n c i e s i n t h e r e g i o n of t h e a b s o l u t e m a x i m u m of t h e

concentration should not exceed 10 or 15 Mc/sec (Лег
s 30 — 20 m ) . For reflection from the normal E layer,
they amount to 3 — 5 Mc/sec ( Л с г = 100 — 60 m ) , and
as a rule they do not exceed 7 — 8 Mc/sec in reflection
from the Es sporadic layers.

It was noted first in 1940, and firmly established
after 1947, that reflections from a certain part of the
ionosphere near the auroral zones can occur at much
higher frequencies, on the order of 30 Me and higher,
up to 1000 Me.

If it is assumed that Eq. (1) can be used for reflec-
tions at meter and decimeter frequencies in the auroral
zones on the basis by which it is applied to reflections
from the regular ionospheric layers, this means that
the electron concentration in the reflecting regions of
the aurorae should exceed 107/cm3 for reflected 30-Mc
signals and 108/cm3 at 100 Me and above. Is such a
concentration of electrons actually produced in the
ionosphere during the aurorae? To answer this ques-
tion we must obviously have some data on the mechan-
ism of the " a u r o r a l " reflections. We can assume a
priori at least four possible mechanisms: a) total r e -
flection from a regular surface bounding the ionization
region, in which the maximum electron concentration
exceeds the critical value for the given wavelength and
the thickness of the transition layer is much greater
than the wavelength; b) partial (Fresnel) reflection
from a sufficiently distinct interface, behind which is
an ionization region with an electron concentration be-
low critical value (when the transition layer thickness
amounts to several wavelengths the character of the
reflection remains the same, but it is less than the
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Fresnel value); с) reflection from a narrow more or
less " symmetr ica l " layer, in which the electron con-
centration exceeds the critical value; the reflection is
incomplete because the wave energy penetrates through
the layer; d) scattering or incoherent reflection from
random ionization inhomogeneities, the dimensions,
shapes, and electron concentrations of which can vary
in different manners.

The use of Eq. (1) to estimate the electron concen-
tration corresponds to the first type of reflection, i.e.,
to the "c las s ica l " case of reflection from regular
ionospheric layers. The reflecting object should have
dimensions not smaller than the diameter of the first
Fresnel zone. In view of the conditions prevailing in
radar reflections (the transmitter and receiver an-
tennas are either combined or located close to each
other), the reflecting surface must be assumed to be
normal to the radar beam. Since the diameter of the
Fresnel zone for a wavelength of about four meters
and a distance on the order of 300 km (minimum dis-
tance for ordinary radar reflections from aurorae)
is approximately 1 km, this should also be the mini-
mum diameter of the ionization region, in which the
average electron concentration is on the order of
107 —108 electrons/cm 3. From the point of view,of
information obtained on aurorae, by optical observa-
tions, there are no objections at all to assuming such
dimensions for the ionization regions. Actually, both
horizontal and vertical dimensions of the arcs and
curtains of the aurorae, let alone the diffuse forma-
tions, are considerably greater than 1 km. The depths
of the aurorae apparently reach hundreds of meters,
and perhaps more. In contradiction with these ideas
regarding the structure of the ionizing reflecting r e -
gions and the mechanism of reflection is the estimated
intensity of the reflected signals. Even the results of
the first observations1 4 have shown15 that the power of
the received signals is much less (40 — 60 db) than
called for by the simple interpretation just described.
Obviously the assumption that the phenomenon that
takes place in " a u r o r a l " reflections is analogous to
ordinary reflection from ionospheric layers (but at
considerably higher frequencies) does not agree with
the main results of the observations.

A further choice between the reflection mechanisms
is much more difficult to make. Although the mechan-
ism of the reflection and the main physical character-
istics of the reflecting formations remain the central
questions in the entire problem and are discussed in
one form or another in almost all the works devoted
to radio reflections from aurorae, there is as yet no
unequivocal reflection mechanism responsible for the
main features of the radio echo from the aurorae.

The gist of the difficulties in the interpretation of
the observed data wUl become clear once the materials
themselves are described. But before we start on this
main section of the article, we should report some data
on the experimental tools used in the research.

The first observed auroral radio echoes were regis-
tered using the radar techniques of meteoritic astron-
omy. In the special radar stations organized in various
countries for the observation of aurorae, the work was
carried out usually with standard radars which were
only slightly modified. Apparatus specialized for defi-
nite problems came into use somewhat later, but most
published results pertain to work done with the sim-
plest radar techniques.

By virtue of the relative stability of radio reflec-
tions from aurorae (compared with meteor reflections),
the use of directional moving antennas is not only feas-
ible, but also extremely desirable.

In most stations the antennas can be rotated only
about the vertical axis, but horizontal rotation is pro-
vided in some cases. It must be pointed out that for a
fixed beamwidth the probability of reception of reflec-
tions from aurorae, being directly proportional to the
energy radiated, depends on the power and on the dura-
tion of the pulse.

Table I contains the main parameters of radars cus-
tomarily used for the investigation of aurorae (based
on materials in references 14, 16, 17 —19, 21, 22, 24,
26, 30, 34, 42, and 71).

Table I. Characteristics of radars used for the
investigation of polar aurorae

Types of antennas .
Antenna gain

Receiver sensitivity.
Duration of sounding pulse . . .
Pulse repetition frequency . . .
Types of display

from 30 Me upward (to 1000 Me)
wave channel, parabolic
from 4-5 to 270
from 5 to 100 kw (most fre-

quently 50-75 kw)
from 10"" to lO"16 w
from 8 to 500 fisec
25-60 cps
amplitude, intensity, and

circular

The first post-war report on radio reflections due
to aurorae is that of Lovell, Clegg, and Ellyett.1 4 In-
asmuch as the description of the phenomenon as given
by these authors is quite typical of many later investi-
gations, we cite their principal facts. The equipment
was located in southern England, in the region of the
Jodrell Bank Radioastronomical Observatory, and was
principally designed for the investigation of meteors.
The work was carried out simultaneously at 46 and
72 Me. The radar antennas had a weak directivity
(the gain relative to a half-wave dipole was 4) . The
principal lobe of the radiation pattern was oriented
toward the zenith. The reflected signals, observed at
night between the 15th and 16th of August 1947, were
of long duration. The 46-Mc signal stayed on the radar
screen for a half hour; at 72 Me, however, the reflec-
tions existed for only a part of this time. At either
frequency, the reflections maintained approximately
a constant range, on the order of 450 —480 km, al-
though a certain part of the time the range of the r e -
flections extended to 600 — 700 km.
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Simultaneously with the radio reflections, the auro-
rae were observed visually. Near the northern hori-
zon they were in the form of light columns for several
hours prior to the appearance of the radio reflections;
the appearance of the glowing cloud in the zenith of the
Jodrell Bank station coincided with the start of the
radio echo. The reflections ceased approximately
simultaneously with the breakup of the cloud into in-
dividual bands. Lovell, Clegg, and Ellyett concluded
from this that they observed stable reflections (at
46 Me) from the region of increased ionization, which
coincided with the cloud-like aurorae in the zenith.
The authors have proposed that the ionization on the
cloud was above critical for 46 Me (Nm > 2.6 x 107/
cm3) although it probably did not exceed 6.5 x 107/cm3,
and that the reflection range (~480 km) character-
ized the actual height of the aurora.

As became clear after several subsequent investi-
gations, these conclusions were in e r ror . All the later
observations, performed with antennas with narrower
beams, showed that the zenith region is as a rule not
responsible for the formation of the reflections during
the aurorae. Further, the 480-km glow is admittedly
exceedingly high for an aurora of the type observed by
Lovell et al. Finally, as was first pointed out by Her-
lofson,15 the hypothesis of total reflection from an
ionized cloud cannot be reconciled with estimated in-
tensities of the reflected signals.

Omitting the description of many later experi-
ments,16"24 let us outline the main features of the phe-
nomenon of radio reflections from aurorae, as viewed
at the present time.

a. Reflection Range

The reflected signals arrive as a rule from dis-
tances of 300 — 700 km and more. Although the aurora
observed simultaneously with the reflection may de-
velop in the observer 's zenith, and consequently the
distance to its lower boundary can hardly be greater
than 100 or 150 km in this case, no reflections are
observed at these ranges. The exceptions to this rule
are r a re .

Mentions of such exceptions are found in the paper
by McKinley and Millman25 (Ottawa), who observed
the constant presence of weak reflections at 33 Me at
ranges 80 — 90 km, and in the paper by Birfel'd,8 who
observed near Murmansk reflections at ranges of 150
km upward.

b. Types of Reflections

The reflected groups of signals frequently fill on
the radar screen a range interval of several kilom-
eters; such signal groups are called "diffuse reflec-
tions"; these are in contrast with signals consisting
of single pulses, called "discrete reflections."

Figure 2 shows examples of certain types of r e -
flections.26-27

FIG. 2. Examples of registration of radio reflections from au-
rorae. "•" a) Record of intensity display signals on a continuously
moving film. Main signal - diffuse without structure, b) Left — the
same as in (a), but the diffuse signal has a structure. Individual
discrete signals are seen. Right — signal on the amplitude display,
c) Signals as seen on a circular display. The recording was made
in the southern hemisphere, and therefore the region of reflection
lies to the south of the station.

o. Character of Connection with the Aurorae

Although the visual aurorae and radio reflections
are definitely correlated with each other within long
time intervals, there is no detailed correlation in
their time variation. The varying intensity of the
radio reflection can for the most part not be related
with the successive development of the optical picture
of the aurora. This fact, stated qualitatively by most
observers, was subjected to a convincing statistical
verification by Gadsden.28

Table II, taken from the article by Lyon,29 gives an
idea of the connection between the observed forms of
the aurorae and the radar reflections. The numbers
in the second, third, and fourth columns denote the
number of ten-minute intervals during which the ob-
servers noted one of the two phenomena.

d. Duration of Reflections

The average lifetime of the reflected signal on the
radar screen ranges from minutes to several times
ten minutes. As indicated by Ya. G. Birfel'd,24 signals
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Table II. Correlation between the radio echo
and visual forms of aurorae (after Lyon29) Kiruna

Forms of the
aurorae

Uniform arcs
Complex arcs and

strips
Ray patterns . •

No aurorae . . . .

Total . .

Visual

365

174
371

910

Radio
echo

18

52

4

124

No radio
echo

347

120
319

786

Percent
of visual
yielding
a radio
echo

5

31
14

14

Geomagnetic
latitude

B7'.8

of t h e d i f fuse t y p e r e m a i n s t e a d y s o m e t i m e s f o r m a n y

h o u r s . D u r i n g t h a t t i m e t h e s i g n a l s m a y c h a n g e t h e i r

f o r m ( f o r e x a m p l e , t h e f o r m of t h e e n v e l o p e o n t h e

" r a n g e - a m p l i t u d e " d i s p l a y ) , i n t e n s i t y , e x t e n t , a n d

r a n g e , b u t d o n o t v a n i s h f r o m t h e s c r e e n . In o t h e r

c a s e s t h e l i f e t i m e of t h e s i g n a l i s m e a s u r e d i n s e c -

o n d s ( t h e s e a r e u s u a l l y t h e d i s c r e t e s i g n a l s ) ; s o m e -

t i m e s a r e l a t i v e l y r a p i d v a n i s h i n g of s i g n a l s a t s o m e

r a n g e s a n d t h e i r a p p e a r a n c e a t n e i g h b o r i n g r a n g e s

m a y b e o b s e r v e d . 8 ' 2 4

e . L o c a t i o n of the R e f l e c t i o n R e g i o n s in S p a c e

F o r s t a t i o n s of t h e n o r t h e r n h e m i s p h e r e , t h e r e -

g i o n s f r o m w h i c h t h e r e f l e c t i o n s c o m e a r e s t a t i s t i c -

a l l y l o c a t e d p r e d o m i n a n t l y i n t h e n o r t h e r n q u a d r a n t

r e l a t i v e t o t h e s t a t i o n . T h e p i c t u r e i s i n d e p e n d e n t of

w h e t h e r t h e o b s e r v a t i o n s t a t i o n h a s a l o w e r o r h i g h e r

l a t i t u d e t h a n t h e a u r o r a l z o n e , o r w h e t h e r i t i s l o c a t e d

i n t h e z o n e i t se l f . T h e p r e v a l e n t o p i n i o n w a s a t f i r s t

t h a t t h e r e f l e c t i o n r e g i o n s a r e s y m m e t r i c a l a b o u t t h e

g e o m a g n e t i c m e r i d i a n s of t h e c o r r e s p o n d i n g s t a t i o n s ,

b u t t h i s i s a p p a r e n t l y u n t r u e . T h e m o s t r e c e n t o b s e r -

v a t i o n s 2 7 » 3 0 ' 3 1 p o i n t m o r e r e a d i l y t o a c o n n e c t i o n b e -

t w e e n t h e s y m m e t r y of t h e r e f l e c t i n g r e g i o n s a n d t h e

l o c a l m a g n e t i c f i e l d s i n t h e v i c i n i t y of e a c h s t a t i o n ,

i . e . , a c o n n e c t i o n w i t h t h e d i r e c t i o n of t h e m a g n e t i c

d e c l i n a t i o n . F i g u r e 3 s h o w s a v e r a g e d d a t a f o r s e v e r a l

s t a t i o n s . T h e a r r o w G p o i n t s t o t h e g e o m a g n e t i c p o l e ,

w h i l e M i s i n t h e d i r e c t i o n of t h e m a g n e t i c d e c l i n a t i o n

n e a r t h e c o r r e s p o n d i n g s t a t i o n s ; t h e r e f l e c t i o n z o n e s

a r e s e e n t o b e g r o u p e d a b o u t t h e l a t t e r d i r e c t i o n s .

f. A s p e c t S e n s i t i v i t y of R e f l e c t i o n s

In o b s e r v a t i o n s a t m e d i u m - l a t i t u d e s t a t i o n s , s u c h

a s J o d r e l l B a n k , O s l o , S a s k a t o o n , R o s h c h i n o ( L e n i n -

g r a d ) , a n d o t h e r s t h e r a d i o r e f l e c t i o n s f r o m t h e a u -

r o r a e d o n o t a p p e a r a t e l e v a t i o n a n g l e s g r e a t e r t h a n

10 — 12° a b o v e t h e h o r i z o n . T h i s c o u l d h a v e b e e n a t -

t r i b u t e d t o t h e f a c t t h a t a u r o r a e a r e i n g e n e r a l n o t o b -

s e r v e d h i g h a b o v e t h e h o r i z o n a t m e d i u m l a t i t u d e s . An

u n e x p e c t e d f a c t , h o w e v e r , i s t h a t i n s t a t i o n s l o c a t e d i n t h e

a u r o r a l z o n e s o r i n t h e d i r e c t v i c i n i t y of t h e s e z o n e s ,

FIG. 3. Polar diagram
showing the mean azimuthal
distribution of reflected sig-
nals for different stations
(from data of references 18,
30, and 32).

H'S

\

30.3 Mc/sec

maximum
reflections

51.7 Mc/sec

Saskatoon

56.0 Mc/sec

Roshchino

72.0 Mc/sec

s u c h a s T r o m s o e , K i r u n a , F a i r b a n k s , L o p a r s k a y a

( M u r m a n s k ) , a n d o t h e r s t h e r e f l e c t i o n s a r e p r a c t i c -

a l l y n e v e r a t l a r g e a n g l e s t o t h e h o r i z o n , i n d e p e n d e n t l y

of t h e i n t e n s i t y of t h e v i s u a l f o r m s of t h e a u r o r a e o b -

s e r v e d d u r i n g t h e t i m e of r e f l e c t i o n n e a r t h e o b s e r v e r ' s

z e n i t h . * T h e a b s e n c e of r e f l e c t i o n s a t l a r g e a n g l e s t o

t h e h o r i z o n w a s t h o r o u g h l y i n v e s t i g a t e d b y H a r a n g a n d

L a n d m a r k 2 2 a t 35 a n d 74 M e , a n d b y C u r r i e , F o r s y t h ,

a n d V a w t e r i n S a s k a t o o n a t 56 a n d 1 0 6 . 5 M e . T h e a n -

t e n n a d i r e c t i o n c o u l d b e v a r i e d i n t h e v e r t i c a l p l a n e

f r o m 0 t o 45° ( u p t o 90° i n t h e c a s e of 1 0 6 . 5 M e ) , s o

a s t o fo l low t h e b r i g h t v i s u a l f o r m s of t h e a u r o r a e . In

e i t h e r c a s e , t h e l i m i t i n g e l e v a t i o n a n g l e f o r t h e r e c e p -

t i o n of r e f l e c t i o n s w a s a p p r o x i m a t e l y 15°.

T h e a g g r e g a t e of t h e a z i m u t h a l f e a t u r e s of t h e r e -

f l e c t i o n s f r o m a u r o r a e , a s w e l l a s t h o s e c o n n e c t e d

w i t h t h e e l e v a t i o n a n g l e , o b s e r v e d w h e n w o r k i n g w i t h

a d i r e c t i o n a l b e a m , h a s b e e n n a m e d t h e " a s p e c t s e n s i -

t i v i t y of r e f l e c t i o n s . "

g. Ident i f icat ion of R e f l e c t i n g R e g i o n s w i th V i sua l

S i n g u l a r i t i e s of the S t r u c t u r e s of A u r o r a e

R e p o r t s b y v a r i o u s a u t h o r s c o n c e r n i n g t h i s m a t t e r

a r e q u i t e c o n t r a d i c t o r y . In t h e e a r l i e s t o b s e r v a t i o n s 1 7 * 1 8

t h e a u t h o r s a t t e m p t e d t o e s t a b l i s h a c l e a r c u t c o n n e c -

*Ya. G. Birfel'd reports* isolated reception of zenith reflec-
tions in Loparskaya, near Murmansk.
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tion between the arrival of reflections and the appear-
ance of bright forms of aurorae at the corresponding
points of the sky. The predominant role of ray-like
forms was sometimes emphasized.1 9 '3 2 The majority
of the later investigations, however, indicate that there
is apparently no direct connection between the reflect-
ing regions and any characteristic structural fea-
tures of the visual forms of the aurorae. 2 0 ' 2 2 ' 2 9 > 3 3 > 3 4

It must be recognized that in the case of ranges on the
order of 600 — 800 km, which are characteristic of
radio reflections from aurorae, the latter should be
low above the horizon, where the details are no longer
easy to discern.

h. Height of Reflections

In the investigation of aurorae by optical methods,
a rather difficult and yet important problem is the de-
termination of the absolute height of the aurora. Many
optical measurements of the heights of aurorae by the
method of parallactic photography have been carried
out by Stormer and his co-workers in Norway.35 How-
ever, modern photoelectric methods of photometry of
polar aurorae call for rapid determinations of the
height of the glow. It was assumed first that radar
could solve this problem This has not yet been
accomplished, and unfortunately it must be admitted
that it is generally impossible to do so with modern
methods, for reasons indicated in items с and g
(absence of strict correlation between the visible
forms of the aurorae and the radio reflections).

The heights of the reflecting formations themselves
can naturally be determined more or less accurately
from the slant range and the elevation angle of the r e -
flections. To increase the accuracy, antennas with
multiple-lobe directivity patterns are used. Currie,
Forsyth, and Vawter,19 after carrying out a rather
tedious calculation of the corrections for refraction
and the dependence of the frequency of occurrence of
the glows on the geomagnetic latitude, obtained for the
average altitude of the reflecting layer a figure close
to 110 km. V. N. Dovger,36 using a two-lobe scanning
antenna ("wave channel" ), obtained for the altitudes
of the reflecting formations values from 80 to 160
km, each measurement having an accuracy of ± 5 km.

Unwin and Gadsden2 6 '3 7 used in New Zealand an an-
tenna having up to 21 lobes. In most cases the r e -
flected signals, due to individual lobes, were superim-
posed, forming a discrete or diffuse reflection of the
type shown in Fig. 2. However, in the case of one type
of diffuse reflections, the signals from all the lobes
were received separately, and consequently were dis-
tributed over a large.portion of the range scale (Fig. 4).
Apparently the depth of "s tacking" of the reflecting or
scattering inhomogeneity, which form in their totality
a certain reflecting layer, was in this case sufficiently
small (not more than 2.5 km). The average height of
the layer was found to be, according to Unwin and

Range
IS minute*s

T i m e • *»-

F I G . 4 . R e f l e c t i o n s f r o m a n e x t e n d e d t h i n l a y e r , r e c e i v e d b y a

m u l t i p l e - l o b e a n t e n n a ( U n w i n a n d G a d s d e n 3 6 ' 2 7 ) - a ) R e c o r d i n g o f

t h e i n t e n s i t y d i s p l a y o n t h e m o v i n g f i l m ; b ) p a t t e r n o n t h e a m p l i -

t u d e d i s p l a y .

G a d s d e n , 1 1 0 . 9 ± 3 . 1 k m , a n d a s t h e r a n g e i n c r e a s e d

f r o m 4 0 0 t o 1 2 0 0 k m t h e h e i g h t s o f t h e l a y e r d i d n o t

v a r y b y m o r e t h a n s e v e r a l k i l o m e t e r s .

T h e m e a s u r e m e n t s d e s c r i b e d , a l o n g w i t h c e r t a i n

o t h e r l e s s a c c u r a t e e s t i m a t e s , m a k e i t p o s s i b l e t o c o n -

s i d e r i t m o r e o r l e s s e s t a b l i s h e d n o w t h a t t h e m a i n

z o n e f o r m i n g t h e " a u r o r a l " r a d a r r e f l e c t i o n s , i s t h e

r e g i o n o f t h e i o n o s p h e r e l o c a t i n g c l o s e l y a t t h e a l t i t u d e

o f t h e E l a y e r a n d t h e l o w e r l i m i t o f t h e p o l a r a u r o r a e ,

i . e . , a p p r o x i m a t e l y b e t w e e n 9 0 a n d 1 2 0 k m .

2 . D A I L Y V A R I A T I O N O F T H E R A D I O R E F L E C T I O N S

A N D T H E I R C O R R E L A T I O N W I T H G E O M A G N E T I C

A C T I V I T Y

T h e a g g r e g a t e o f t h e r e s u l t s i n d i c a t e d i n t h e p r e -

c e d i n g s e c t i o n , p r o d u c e s a p a t t e r n o f r a t h e r s t r i n g e n t

c o n d i t i o n s t h a t m u s t b e s a t i s f i e d i f r e f l e c t i o n s a r e t o

b e r e g i s t e r e d . A n e x p l a n a t i o n o f t h e s e l e c t i v i t y o f t h e

r e f l e c t i o n s , p r o p o s e d o n t h e b a s i s o f t h e a n a l o g y w i t h

r e f l e c t i o n f r o m m e t e o r t r a i l s , 1 5 l i e s i n a n a s s u m p t i o n

t h a t t h e r e f l e c t i n g f o r m a t i o n s a r e a n i s o t r o p i c . T h e

s y m m e t r y o f t h e r e f l e c t i n g r e g i o n s a b o u t t h e m a g n e t i c

f i e l d l e a d s t o t h e a d d i t i o n a l c o n c l u s i o n t h a t t h e s t r u c -

t u r e o f t h e i o n i z e d r e g i o n s , r e s p o n s i b l e f o r t h e r a d i o

r e f l e c t i o n s d u r i n g t h e p o l a r a u r o r a e , i s c o n n e c t e d w i t h

t h e s t r u c t u r e o f t h e e a r t h ' s m a g n e t i c f i e l d . T h i s e x -

p l a n a t i o n , f i r s t a d v a n c e d b y H e r l o g s o n , 1 5 w a s d e v e l -

o p e d b y C h a p m a n i n d e t a i l . 3 8 T h e s c h e m e w h i c h h e

p r o p o s e s f o r t h e g e o m e t r i c a l r e f l e c t i o n c o n d i t i o n s

w i l l b e d i s c u s s e d l a t e r o n ( S e c . 4 ) .

T h e c o n n e c t i o n b e t w e e n t h e " g e o m e t r y " o f t h e

a u r o r a l i o n i z a t i o n a n d t h e m a g n e t i c f i e l d l e a d s u s t o

e x p e c t t h e p r e s e n c e o f c o r r e l a t i o n b e t w e e n t h e m a g -

n e t i c d i s t u r b a n c e s a n d t h e p a r a m e t e r s t h a t c h a r a c t e r -

i z e t h e r a d i o r e f l e c t i o n s .

N o t i c e s h o u l d f i r s t b e t a k e n o f t h e f a r r e a c h i n g

p a r a l l e l i s m b e t w e e n t h e m e a n d a i l y c o u r s e o f t h e

m a g n e t i c d i s t u r b a n c e s i n p o l a r r e g i o n s a n d t h e p r o b -

a b i l i t y o f a p p e a r a n c e o f r a d i o r e f l e c t i o n s . F i g u r e 5 ,

t a k e n f r o m t h e p a p e r b y A . P . N i k o P s k i i , 3 9 s h o w s t h e

d e p e n d e n c e o f t h e n u m b e r o f b a y d i s t u r b a n c e s o f m e d i u m

a n d l a r g e f o r c e f o r t h e B u k h t a T i k h a y a s t a t i o n o v e r

t h e p e r i o d f r o m 1 9 3 3 — 1 9 4 6 , o n t h e t i m e o f t h e d a y .

L a t e r d a t a b y M . S . B o b r o v , 4 0 w h o u s e d m a t e r i a l s
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FIG. 5. Daily course of the magnetic disturbances at the

Bukhta Tikhaya station (after A. P . N i k o l ' s k i i 4 9 ) . (Numbers - de-

gree of disturbance in arbitrary b a l l s . )

f r o m m a g n e t i c s t a t i o n s p r a c t i c a l l y a l l o v e r t h e e a r t h

( I G Y d a t a ) , a l s o s h o w t h a t i n r e g i o n s a d j a c e n t t o t h e

a u r o r a l z o n e s t h e g l o b a l m a g n e t i c d i s t u r b a n c e s a r e

n o l o n g e r i n p h a s e a s t h e y a r e i n t h e m e d i u m a n d

e q u a t o r i a l l a t i t u d e s , a n d t h a t m o s t d i s t u r b a n c e s n e a r

t h e a u r o r a l z o n e s t a k e p l a c e a t n i g h t .

F i g u r e s 6 , 7 a , a n d 7 b i l l u s t r a t e t h e s t a t i s t i c s o f t h e

a p p e a r a n c e o f r a d i o r e f l e c t i o n s f o r c e r t a i n s t a t i o n s i n

t h e e a s t e r n a n d w e s t e r n h e m i s p h e r e s . 4 1 " 4 3 A s h a r p

d e c r e a s e i n t h e n u m b e r o f b a y d i s t u r b a n c e s t a k e s

p l a c e n e a r l o c a l n o o n t i m e , w h e n a s a r u l e t h e r e a r e

p r a c t i c a l l y n o r a d i o r e f l e c t i o n s . * A d e t a i l e d s t a t i s t i c a l

a n a l y s i s o f t h e t i m e o f o c c u r r e n c e o f m a g n e t i c d i s t u r b -

a n c e s f o r a l a r g e n u m b e r o f p o l a r s t a t i o n s , l o c a t e d a t

d i f f e r e n t l o n g i t u d e s a n d l a t i t u d e s , a n d c a r r i e d o u t b y

A . P . N i k o l ' s k i i , h a s d i s c l o s e d t h a t t h e d a i l y c o u r s e

o f t h e m a g n e t i c s t o r m s h a s s p e c i f i c p e c u l i a r i t i e s t h a t

a r e u n i q u e t o i n d i v i d u a l a r c t i c s t a t i o n s . D e p e n d i n g o n

t h e g e o m a g n e t i c c o o r d i n a t e s , a c h a n g e t a k e s p l a c e i n
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FIG. 6. Dai ly course of

radio ref lect ions at 30 and

72 Me in the Loparskaya

stat ion (after A. I. Grachev 4 2).
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*The question of daytime reflections is considered in Sec. 3.

FIG. 7. a) Daily course of radio reflections on 72 Me at Jodrell
Bank (after T. D. Kaiser41), b) Daily course of radio reflections on
413 Me at Stanford (Fricker et al.43).

both the number of maxima (from one to three) and
in the time of their occurrence. The average number
of radio reflections, according to the data of Ya. G.
Birfel'd,44 is in many cases closely related with these
peculiarities of the daily variation of the magnetic dis-
turbances.

The absolute magnitudes and signs of the bay dis-
turbances influence quite significantly the proba-
bility of the appearance of radio reflections. Meek
and McNamara45 investigated the connection between
the appearance of radio reflections and the magnetic
disturbances for the Saskatoon station (frequencies
56 and 106.5 Me). They found that positive magnetic
bays are accompanied by a regular intensification of
radio reflections, but negative bays do not give such
an effect.

Bullough and Kaiser and their co-workers (Jodrell
Bank),21'41'46 V. I. Pogorelov (Roshchino Station near
Leningrad),47 V. I. Yarin (Yakutsk),48 and Gadsden
(New Zealand )49 have compared the probability of ap-
pearance of auroral radio reflections with the absolute
magnitudes of the magnetic disturbances. In all cases
it is found reliably that the probability of appearance
of reflections increases appreciably in large magnetic
disturbances. In Jodrell Bank, 92% of the integral
duration of the echo occurs when | AZ | > 50 у; in
Roshchino, which has a higher geomagnetic latitude,
the number of echos for | ДХ| > 500у is about 70%
of the total number of cases, and not more than 30%
when | ДХ | < 500y. The sign of the magnetic disturb-
ance " p r e f e r r e d " by the radio reflections is different
in these two stations: in Roshchino positive bay dis-
turbances are practically never accompanied by radio
reflections, whereas in Jodrell Bank the probability
of appearance of reflections is approximately twice
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as large during positive bays as during negative ones.
For the Yakutsk Station, as was shown by V. I.

Yarin4 8 with a rather large amount of statistical ma-
terial, the radio reflections on 72 Me are in correla-
tion over the greater part of the day with negative
magnetic disturbances (from the level of the quies-
cent field) and only at night do they correlate with
the positive ones.

The curves of Fig. 8 show the average connection
between the local К index of the magnetic activity and
the probability of radio reflections on 55 Me, obtained

FIG. 8. Connection between
the probability of radio reflec-
tions and the К index of the
magnetic activity (after
Gadsden4).

/ г з t s в 7
К index

b y G a d s d e n 4 9 i n i n v e s t i g a t i o n s i n N e w Z e a l a n d . ( T h e

p o i n t o f o b s e r v a t i o n h a d a g e o m a g n e t i c l a t i t u d e 5 1 . 5 ° S ;

the values of the К index were taken for the Maccouri
Island, the latitude of which is close to the assumed
latitude of the reflection region.) An analogous con-
nection was obtained in Ottawa on 50 Me by Bhatta-
charyya.5 0 The latter, however, did not observe any
difference in the appearance of the reflections for posi-
tive and negative bays. The probability of occurrence
of reflections was equally high in either case (82 — 86%)
Bhattacharyya also noted a systematic delay of several
minutes in the instant of occurrence of the maximum of
the magnetic disturbance, relative to the maximum of
the intensity of reflections.

The selectivity of the radio reflections with respect
to the sign of the magnetic disturbances, is connected,
according to certain assumptions,4 5»5 0 with the fact that
in the case of negative bays the ionization and the iono-
sphere currents are localized in lower latitudes than
in the case of positive disturbances. For high-latitude
radar stations this should lead to a disappearance of
the reflections from the northern (predominant) direc-
tion, whereas for medium-latitude points this should
evidently be less appreciable.

By way of illustration of the parallelism between
the intensity of the radio reflections and the magnetic
storms, we give one of the magnetograms of Bullough,
Davidson, Kaiser, and Watkins,46 on which the varia-
tion of the intensity and the direction of the drift of the
front of reflections coincide with the course of the mag-
netic disturbance (Fig. 9). As can be seen from this
figure, reflections at Jodrell Bank correlate with bays
of both signs, but the direction of the drift of the r e -
flections changes together with the sign of the bay.

Type of
echo

IS /s 03 OS

FIG. 9. Recording of magnetic disturbance (top) and a diagram
showing the range, the drift direction, and the type of simultaneous
echo signals (below); after Bullough et a l . 4 6 The abscissas are in
world time.

T h i s c i r c u m s t a n c e a g r e e s w i t h t h e i n t e r p r e t a t i o n of

B h a t t a c h a r y y a , g i v e n a b o v e . 5 0

O b s e r v a t i o n s of r a d i o r e f l e c t i o n s i n t h e A n t a r c t i c

w e r e s t a r t e d f o r t h e f i r s t t i m e i n 1 9 5 7 . F i g u r e 10,

p u b l i s h e d b y H a r r i s o n a n d W a t k i n s , 5 1 s h o w s t h e d i s -

t r i b u t i o n b y d a y s of t h e n u m b e r of h o u r s of r e c e p t i o n

of r e f l e c t i o n s a t t h e H o l l y B a y s t a t i o n ( g e o g r a p h i c

c o o r d i n a t e s 7 5 . 5 ° S a n d 2 6 . 6 ° W ) f o r t h e s i x m o n t h s

d u r i n g w h i c h t h i s s t a t i o n w a s i n o p e r a t i o n ( u p p e r d i a -

g r a m ) . S h o w n u n d e r n e a t h i s t h e d i s t r i b u t i o n of t h e

daily sums of the planetary К index (K p ) and a dia-
gram of reflections received during the same period
at Jodrell Bank. What is striking is the almost com-
plete agreement between the first two diagrams: the
number of hours during which it becomes possible to
observe radio reflections on a specific day is propor-
tional to the degree of magnetic disturbance for that
day. The lower diagram of Fig. 10 points to a similar
regularity for the Jodrell Bank station, although, owing
to the medium latitude of this station, the probability
of receiving radio reflections is considerably less
there than in Holly Bay.

In 1959 the Soviet researchers В. Е. Bryunelli and
S. M. Sandulenko carried out radar observations of
aurorae at the Mirnyi station.3 1 The radar operated
on 72 Me and had a pulse power of 75 kw. Mirnyi is
located in the southern zone of the polar aurorae, and
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" £ May ' June
tf . J L

FIG. 10. Comparison of the change in the number of radio
reflections with change in magnetic activity (after Harrison
and Watkins51)- Top — radio reflections (number of hours
during the day) in the Holly-Bay station, bottom - the same
at Jodrell Bank. Center — daily sums of the planetary К
index.

July August ' September October
19S7

t h e p l a n e of t h e m a g n e t i c m e r i d i a n p a s s e s t h r o u g h t h e

s t a t i o n i n a n e a s t - w e s t d i r e c t i o n . T h e m a x i m u m n u m -

b e r of r a d i o r e f l e c t i o n s i s o b s e r v e d f r o m t h e e a s t , i . e . ,

f r o m t h e d i r e c t i o n of t h e m a g n e t i c p o l e , i n g o o d a g r e e -

m e n t w i t h t h e r e f l e c t i o n p e r p e n d i c u l a r i t y r e q u i r e m e n t

( s e e S e c . 4) if t h e e f f e c t i v e f i e l d a t h e i g h t s of a b o u t 100

k m i s a s s u m e d t o b e t h e l o c a l a n d n o t t h e g e o m a g n e t i c

f i e l d . T h e d i s t r i b u t i o n of t h e r e f l e c t i o n r a n g e s i n

M i r n y i i s s h o w n i n F i g . 1 1 . A c c o r d i n g t o t h e c a l c u l a -

t i o n s of B r y u n e l l i a n d S a n d u l e n k o , t h e h e i g h t s of t h e

r e f l e c t i o n p o i n t s t h a t s a t i s f y t h e p e r p e n d i c u l a r i t y r e -

q u i r e m e n t a r e l e s s t h a n 80 k m f o r a l l r a n g e s ( t o t h e

e a s t of t h e s t a t i o n ) , w i t h t h e e x c e p t i o n of t h e d i s t a n c e

~ 6 0 0 k m . C o n n e c t e d w i t h t h e f a c t , i n t h e a u t h o r ' s

o p i n i o n , i s . a l s o t h e p o s i t i o n of t h e m a x i m u m a t 600 —

800 k m . T h e c a l c u l a t i o n s w e r e m a d e , h o w e v e r , w i t h

a l l o w a n c e f o r t h e v a r i a t i o n i n t h e m a g n e t i c d e c l i n a t i o n

w i t h h e i g h t , w h i c h i n t h e c a s e of t h e l o c a l f ie ld i s a p -

p a r e n t l y n o t q u i t e t r u e ; a c t u a l l y t h e t r u e h e i g h t m a y b e

c l o s e t o 100 k m , if i t i s a s s u m e d t h a t t h e d e c l i n a t i o n

i s 1.5° l e s s t h a n a s s u m e d i n t h e c a l c u l a t i o n s .

T h e r e s u l t s of t h e r a d i o o b s e r v a t i o n s l e a d a l s o t o

t h e c o n c l u s i o n t h a t t h e r e i s a s t a t i s t i c a l c o r r e l a t i o n

b e t w e e n t h e a u r o r a l r a d i o r e f l e c t i o n s a n d t h e d a i l y

v a r i a t i o n s of t h e e a r t h ' s u n p e r t u r b e d m a g n e t i c f i e l d .

O n e of t h e r e a d i l y r e c o r d a b l e p a r a m e t e r s i s t h e a v e r -

a g e v e l o c i t y of d i s p l a c e m e n t of t h e r e f l e c t i n g f o r m a -

t i o n s r e l a t i v e t o t h e o b s e r v e r . T h e d i s p l a c e m e n t of

t h e s i g n a l s c a n b e r e a d i l y s e e n o n t h e a m p l i t u d e d i s -

p l a y s c r e e n . 2 4 I t i s e v e n m o r e c o n v e n i e n t t o m e a s u r e

t h e d i s p l a c e m e n t of t h e r e f l e c t i o n f r o n t b y p h o t o g r a p h -

i n g t h e i n t e n s i t y d i s p l a y s c r e e n o n a c o n t i n u o u s l y m o v -

i n g f i l m . B u l l o u g h a n d K a i s e r a n d t h e i r c o - w o r k e r s 4 1

a t J o d r e l l B a n k , i n a n a n a l y s i s of t h e s t a t i s t i c s of t h e

v a r i a t i o n of t h e r a d i a l v e l o c i t y c o m p o n e n t s of t h e s i g -

n a l f r o n t , e s t a b l i s h e d t h e r e g u l a r i t y s h o w n i n F i g . 1 2 .

T h e r e f l e c t i n g f o r m a t i o n m o v e s a w a y f r o m t h e o b s e r v e r

d u r i n g e v e n i n g h o u r s ( l o c a l t i m e ) , s t o p s a t a b o u t 2 1

h o u r s ( d u r i n g t h a t t i m e t h e n u m b e r of r e f l e c t i o n s i s

a m i n i m u m ) , a f t e r w h i c h i t r e v e r s e s d i r e c t i o n . T h e

a v e r a g e v e l o c i t i e s of t h e r e f l e c t i o n f r o n t r e a c h a m a x -

i m u m a t a p p r o x i m a t e l y 16 h o u r s ( + 600 m / s e c ) a n d

a t 03 — 06 h o u r s ( - 600 m / s e c ) . No r e f l e c t i o n s a r e

o b s e r v e d f r o m 06 t o 15 h o u r s . T h e v a r i a t i o n of t h e

v e l o c i t y of t h e s i g n a l f r o n t i s i n c o r r e l a t i o n w i t h t h e

FIG. 11. Distribution
of average ranges of radio
reflections at the Mimyx
Station (after Bryunelli
and Sandulenko31).
1 — March and May
2 - April 1959.
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FIG. 12. Radial velocity of the drift of radio reflections (a) and
the variation of the Z component of the magnetic field (b) (after
Kaiser 4 1).

d a i l y c o u r s e of t h e v e r t i c a l c o m p o n e n t ( Z c o m p o n e n t )

of t h e m a g n e t i c f i e ld n e a r t h e r e f l e c t i o n r e g i o n ( c u r v e

b of F i g . 1 2 ) . T h e v a r i a t i o n A Z a l s o v a n i s h e s a n d

r e v e r s e s s i g n a t a b o u t 2 1 h o u r s l o c a l t i m e . On t h i s

b a s i s , B u l l o u g h a n d K a i s e r i n t e r p r e t t h e r a d i a l v e l o c -

i t i e s m e a s u r e d b y t h e r a d a r a s b e i n g t h e p r o j e c t i o n s

of t h e e a s t - w e s t m o t i o n of t h e i o n i z e d f o r m a t i o n s a l o n g

t h e l i n e of t h e g e o m a g n e t i c l a t i t u d e .

V. I. P o g o r e l o v 5 2 o b s e r v e d a t t h e R o s h c h i n o s t a t i o n

( n e a r L e n i n g r a d ) a n o t h e r s t a t i s t i c a l r e g u l a r i t y ,

n a m e l y t h e c o r r e l a t i o n of t h e a v e r a g e r e f l e c t i o n r a n g e

w i t h t h e v a r i a t i o n s of t h e q u i e s c e n t m a g n e t i c f i e l d .

F i g u r e 13 s h o w s t h e d a i l y v a r i a t i o n of t h e r a n g e s of

t h e r e f l e c t i o n s r e c e i v e d i n R o s h c h i n o a n d t h e c o u r s e

of t h e s i m u l t a n e o u s v a r i a t i o n of t h e h o r i z o n t a l c o m p o -
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t i o n r e g i o n . In t h e a u t h o r ' s o p i n i o n , t h e c h a n g e i n r e -

flection r a n g e c a n b e i n t e r p r e t e d a s a d i r e c t r e s u l t of

t h e v a r i a t i o n of t h e i n c l i n a t i o n of t h e m a g n e t i c l i n e s

t o t h e e a r t h ' s s u r f a c e i n t h e r e g i o n f r o m w h i c h t h e

r e f l e c t i o n s a r r i v e . T h i s i n t u r n c a u s e s a s h i f t of t h e
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FIG. 13. Correlation between the average range of reflections
with the variations of the magnetic field (X component) (after
Pogorelov").

points that satisfy the perpendicularity requirement.
Certain optical observations demonstrate quite

clearly the real possibility of local changes in the
curvature of the magnetic lines during the time of
polar aurorae. Thus, for example, Abbot53 observed
during the development of the corona (zenith form of
the polar aurora) a displacement of the radiant point
by an amount up to 7.5°, although during the same time
the main magnetic elements, measured on the earth's
surface, remained practically unchanged.

In addition to the direct and close correlation with
magnetic disturbances (and the periodic variations),
one can apparently assert that a definite correlation
exists between the radio reflections and the solar ac -
tivity. The existence of such a relation was indicated
by Ya. G. Birfel'd,8 who concluded, by comparing the
results of observations over approximately five years
(1954 —1959), that the number and intensity of the
radio reflections increase as the maximum of solar
activity draws nearer. Obviously this tendency is in
full agreement with the regularity established long
ago for magnetic disturbances and polar aurorae.

Thus, the observational material which is amenable
to analysis enables us to state that an undisputed cor-
relation exists between the magnetic disturbances and
the appearance of the polar-ionosphere anomalies that
are manifest by the presence of "au ro ra l " radio r e -
flections. It can be assumed that the penetration of
corpuscular streams causes the ionosphere in the zone
of the polar aurorae and near the pole to acquire many
new properties, which are lacking in the quieter per i -
ods and which are not noted at other latitudes.

3. CONNECTION BETWEEN RADIO REFLECTIONS
AND CERTAIN FEATURES OF THE SPORADIC
IONIZATION NEAR THE AURORAL ZONES

Along with the existence of "auro ra l " radio reflec-
tions, the polar ionosphere is characterized also by
other anomalies. These include the increased inten-
sity of the sporadic ionization of the Eg, E2g, and Fg
type, anomalous absorption, and others.

A detailed analysis of the sporadic ionization is
outside the scope of the present article, but a brief
review of the regularities of Eg ionization observed

in the high-latitude regions is useful, in view of its
definite correlation with the radio reflections.

The sporadic ionization in polar regions is much
more intense than in any other region.54"56 The spo-
radic layers at heights from 100 to 150 km occur more
frequently there and exist on the average for a longer
time. It can be regarded as established that the course
of the intensity of the Eg ionization at high latitudes
is controlled by the geomagnetic time. Among the
first to call attention to this was V. M. Driatskii,55 who
showed that the maximum of the Eg ionization, accord-
ing to data from arctic stations in the eastern hemi-
sphere, coincides approximately with geomagnetic mid-
night. Penndorf and Coroniti obtained the same result
for the western hemisphere, and pointed out that it is
valid only for stations lying farther north than the au-
roral zone. The maximum of the Eg ionization for
stations lying in the zone of the polar aurorae cor re -
sponds as a rule to a time before local midnight, and
the spread reaches ±2—3 hours for individual stations.

Like the "auro ra l " radio reflections at UHF, the
sporadic Es formations in the zone of polar aurorae
are practically never observed in the daytime. This
pertains, according to Penndorf and Coroniti,56 equally
well to Eg reflections with limiting frequencies
fEg > 5 Me and fgg > 7 Me. This behavior of the Eg
ionization was confirmed by other observers. Ya. I.
Fel'dshtein, carrying out observations on the Dixon
Island, indicated that the nighttime Eg layers (which
he denotes as E^) usually vanish completely in the
daytime even during strong magnetic disturbances.

An analogous daily course of occurrence of Eg r e -
flections in Murmansk was observed for several years
by R. A. Zevakina and Z. Ts. Rappoport.54 According
to these authors, the probability of appearance of Eg
during nighttime reaches 90%, while the maximum of
the Eg reflections coincides with local midnight.

Interesting data, based on the processing of obser-
vations made at the SP-3 station (1954 — 1955), have
been communicated by V. M. Driatskii and A. S.
Besprozvannaya.55 The SP-3 station drifted inside
the polar auroral zone; for part of the time it was in
the direct vicinity of the geographic pole. The aver-
age magnetic disturbance in the pole region was much
lower than in the zone of polar aurorae during the
same period (Tiksi Bay, Dixon Island).

There was no constant E layer at all during the
winter months, when the sun was less than 10.5° under
the horizon. The sporadic Eg layer (and also the
somewhat higher E2g layer) was observed during all
seasons of the year, although limiting frequencies
fEg > 7 Me were measured much more rarely than
fEg > 3 Me. The averaged data suggest a correlation
between the daily course of the magnetic disturbance
(r]^) and the behavior of Eg, namely an increase in
fgg corresponds to an increase in magnetic activity.
Apparently no fixed time of the maximum, such as
occurs at lower latitudes, was observed in the SP-3
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station. This may be due either to the displacement
of the station or to its position inside the auroral zone.
The Es reflections occurred at the SP-3 station most
frequently during morning hours (local t ime).

Thus, the character of the distribution of the spo-
radic Eg reflections in time near the auroral zone
and to the north of this zone differ radically from the
daily course of the Eg reflections in the southern lati-
tudes (see, for example, reference 58), where the max-
imum of appearance of the Eg layer occurs almost
always during the day, close to noon.

The authors of the cited papers 5 4 " 5 7 therefore unan-
imously agree that the main factor causing the sporadic
ionization in polar regions is the corpuscular radiation
from the sun, i.e., the same agent that causes polar
aurorae and magnetic disturbances. A very weighty
additional argument in favor of the decisive role played
by the corpuscular streams in the formation of the
polar ionosphere are, in the opinion of V. M. Driatskii
and A. S. Besprozvannaya, s s certain features which
they observed in the behavior of the F 2 layer, for ex-
ample the large value and frequent variability of the
critical frequencies fflT, in the regions near the pole

«F2

during the winter season.
Certain attempts were made to find a direct cor re-

lation between the sporadic Eg ionization and the vis-
ually observed polar aurorae (and also the magnetic
disturbances). Mention can be made of the papers by
Knecht,59 F. Ya. Zaborshchikov and N. I. Fedyakina,60

and Ya. I. Fel'dshtein.5 7 The first of these investiga-
tions, carried out in Barrow (Alaska) covered ten
nights during a period of considerable auroral activity
(spring equinox). The results obtained by Knecht can
be summarized as follows:

a) If the polar aurora was observed close to the
zenith region and was not excessively strong in visual
brightness (less than four balls in the four-ball scale),
a clear cut correlation could be established between
the brightness of the glow and the limiting frequency
of reflection from the Eg layer (Fig. 14). The fre-
quency fgg, and consequently the electron concen-
tration, increase with increasing activity of the polar
aurora.

b) There were some exceptions to this rule, namely:
no reflections from the sporadic layers were observed,
firstly, in the case of very weak aurorae ( s % ball),
and secondly in the cases of strong aurorae reaching
four balls. The last fact can be attributed to the strong
increase in absorption in the short-wave band during
the time of intense flashes of " a u r o r a l " activity.

c) The minimum frequencies fgg observed during
the time of polar aurorae are 5.5 — 6 Me (the appa-
ratus sensitivity was in the range from 1 to 15 Me).

Analyzing these data, Knecht deems it possible to
propose that the penetration of the corpuscular stream
causes a specific " a u r o r a l " ionization E a , consider-
ably greater than the sporadic Eg ionization, which is
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not connected with the aurorae. Results akin to the
foregoing, but analyzed in much less detail, are also
given in reference 60. Finally, according to Fel ' -
dshtein,57 the auroral type of Eg ionization (Eg a ) is
always accompanied by polar aurorae, which occupy a
considerable area in the zenith region.

The substantial difference in the nature of the
medium-latitude and " a u r o r a l " sporadic ionization
manifests itself quite characteristically in investiga-
tions of long-distance ionospheric propagation of UHF.
This question was investigated, for example, by Bailey
and others. 7 In those cases when the communication
channel passes through the zone of polar aurorae, am-
plitude bursts of the continuous signal were observed
as a rule at entirely different times of the day than in
the case of medium-latitude paths, as can be seen from
Fig. 15, taken from reference 7.

On the medium-latitude pass from Cedar Rapids to
Sterling (distance 1243 km, frequency 49.8 Me) the
intensity of the signal is increased by the appearance
of the Eg ionization predominantly during the daytime,
although the probability of reflections of this type is
quite high even during the rest of the day (upper part
of Fig. 15). For paths located near the auroral zone
(see the lower histograms on Fig. 15), the anomalous
intense "Ega propagation" is observed only during
the night hours; reflections of this type do not appear
during the day at all. Such a daily variation is in full
agreement with the probability of appearance of Eg a

ionization in the zone of the polar aurorae and is quite
similar to the diurnal distribution of radio reflections
shown in Figs. 6 and 7. This coincidence can be under-
stood if it is assumed that the same regulating factor
is effective in both cases and that this factor in all
probability is the solar corpuscular radiation.
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FIG. 15. Probability of passage of signals due to Eg reflec-
tions on different paths at different times of the day (after Bailey
et al.7).

UHF propagation near the zone of polar aurorae
(particularly during the time of strong disturbances)
is also characterized by the fact that it is accompanied
by considerable fluctuations of the average intensity
of the signal and by an increased frequency of fading,
which increases from several to several hundred
cps.2 '7 '3 2 (We note an interesting experiment by
James et al.61 to investigate the behavior of a signal
passing through the "auroral" disturbed zone. A
transmission line involving reflection from the moon
was used. A 10-kw transmitter operating on 440 Me
was located in College, while the receiver was in
Ottawa. It was observed that during periods of high
auroral activity the level of fading increased and rapid
fluctuations occurred in the direction of the plane of
polarization of the reflected signal. No increase in
absorption was observed.*)

An idea of the character of the physical processes
in the ionosphere during the time of penetration of
corpuscular streams is gained from a simultaneous
recording of the change in the signal strength at two
frequencies during the time of a polar blackout7

(Fig. 16). The sharp attenuation of the signal on 28
Me during this ionospheric disturbance was accompa-
nied by an increase in intensity of the 49-Mc signal at
the start of the blackout; the reduction in the level of
cosmic radio noise (shown in the lower part of the
same figure) fixes the start and end of the blackout.
The attenuation of the 28-Me signal denotes a sharp

•Changes in the state of polarization after reflection from ion-
ized regions of polar aurorae were studied by several investigators
(see reference 62). As a rule, the reflected signal is almost com-
pletely depolarized. The intensity of the reflected signals depends
little on .the plane in which the radiation of the transmitter antenna
is polarized (vertical or horizontal).
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FIG. 16. Variation of the signal level on 27.775 and 49.80 Me
during the time of a polar blackout. Lower curve — level of cosmic
noise at 6.08 Me (after Bailey et al.7).

jump in the absorption, occurring apparently at the
level of the D layer; were there no simultaneous in-
crease in the scattering in the E layer (as manifest
by the behavior of the signals on 49 Me), the jump
would be still greater. Such a combination of phe-
nomena, i.e., intense absorption on short waves and
simultaneous intensification of the reflection in the
short-wave part of the UHF band, coinciding in time
with the start of a magnetic storm and the appearance
of polar aurorae, is characteristic of propagation con-
ditions in the polar atmosphere.

A special investigation of the features of "auroral"
propagation of UHF waves near 40 Me and comparison
with magnetic disturbances was carried out by Forsyth
and his co-workers.63~65 The investigations covered
paths located sufficiently close to the zone of the polar
aurorae, or else crossing it. The distances between
the transmitting and receiving points was on the order
of 800 — 1200 km; it could be assumed that the radio
communication between these points was by ionospheric
propagation, with the reflection of the wave taking place
approximately in the center of the trajectory. The work
was done with cw signals. The intensity of the incoming
signal was recorded automatically at the receiving
points. The authors investigated and classified all the
principal cases of increase in intensity of reflected
signals; they were able to subdivide these into several
groups and to single out the following types of reflec-
tions:

Type E. Sudden considerable increase in the level
of the signal, lasting for one to three hours. The sig-
nals from meteors are lost against the background of
the increased amplitude of the continuous signal from
the transmitter. However, the level of the signal does
not remain constant, and it is subject to slow and deep
fading. No symptoms of magnetic disturbance are ob-
served near the route for this type of ionospheric dis-
turbance.

Type S. Relatively slow increase in the level of the
signal, lasting for several hours, and accompanied by
more frequent fading. Meteor signals remain visible
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against the background of the increased amplitude of
the transmitter signal. No accompanying magnetic
disturbances are observed.

Types At, A2, and A3. Common to all three is the
presence of simultaneous magnetic disturbances. Li
reflections of type Aj there occurs a sharp and con-
siderable increase in the signal, accompanied by rapid
fading; in reflections of type A2 a sharp increase in
signal is observed, as in the case of Aj, but it is ac-
companied by slow and deep fading; type A3 reflection
is similar to type S, but it is accompanied by a mag-
netic disturbance. Examples of all three reflections
are shown in Fig. 17. No simultaneous development
of polar aurorae was observed in type E and S reflec-
tions, nor are there any noticeable aurorae in type A3

reflections. Reflections of type At and, particularly,
of type A2, were accompanied in a large number of
cases by polar aurorae.

A continuation of the experiments with somewhat
less sensitive apparatus (see the paper by Forsyth,
Green, and Mah65) has confirmed that this classifi-
cation is appropriate and not all accidental. However,
as the sensitivity is reduced the type S and A2 reflec-
tions (which will be denoted simply A) become pre-
dominant. The " a u r o r a l " type A reflections were
found to gravitate definitely towards the zone of the
polar aurorae and to have a maximum at about local
midnight. The type S reflections had a clearly pro-
nounced daytime maximum (12 — 14 hours local t ime),
and were somewhat less frequent in the zone of polar
aurorae than to the south or to the north of this zone.
Since directional antennas were used for transmission
and reception, the experiments of Forsyth et al. made
it possible to ascertain, to a certain extent, the differ-
ence in the geometrical conditions of reflection in all
these cases. Anticipating somewhat the discussion of
the geometry of the reflections (see Sec. 4), let us r e -
port the results of these experiments. The type At

and A2 reflections were found to depend on the angle
between the radar beam (its wave vector) and the

TypeE

TypeS

Type A

-A- BS.00

FIG. 17. Record of the behavior of a continous signal on 39.22
Me on the path from Greenwood to Ottawa for different types of
ionospheric disturbances (after Collins and Forsyth64). Individual
frequent peaks — meteor signals.

magnetic force line. For Aj reflections this angle
differed very little from 90°, which, in light of the
Herlofson-Chapman hypothesis, denotes a reflection
close to specular; for A2 reflections, the deviations
from the specular angle reached 30 —40°.

No selectivity of reflection with respect to any
angle was observed in the other types of reflection
(A8, E, S).

In the authors' opinion, type E reflections are not
connected with polar aurorae or with magnetic dis-
turbances, and result from passage of normal type E s

ionized clouds. The similarity between reflections of
type S (without magnetic disturbances) and A3 (ac-
companied by magnetic disturbances) implies a sim-
ilarity in the structure of the ionized formations, which
are apparently weakly anisotropic. The nature of the
ionizing factor responsible for the appearance of the S
reflections, and possibly not connected with the zone
of polar aurorae, is left unexplained by the authors.
The appearance of type A reflections is due, in the
opinion of Collins and Forsyth,6 4 to the penetration of
corpuscular streams. The weak anisotropy of the
ionospheric inhomogeneities in the case of A3 reflec-
tions is attributed by these authors to the turbulent-
mixing factor at relatively low levels of the ionosphere,
where the ordering action of the magnetic field cannot
become well pronounced. Starting out with this as-
sumption, the Aj and A2 reflections, which are char-
acterized by an appreciable anisotropy of the reflect-
ing formations, are considered by the authors to lie
higher than the A3 type, and to be due to the action
of rather intense corpuscular streams on the iono-
sphere .

To conclude this section let us consider briefly cer-
tain data on daytime reflections. As was already in-
dicated (Sec. 1), the general rule in most stations is
a sharp reduction in the number of reflected signals
(or a complete vanishing of the signals) during the
daytime, approximately between 9 and 14 hours local
time. This is not a trivial fact, since it is not directly
obvious why the auroral radio reflections behave in
this fashion. la the earlier investigations, optimistic
forecasts were frequently made that the polar aurorae,
which cannot be seen during the daytime, may perhaps
be detected and investigated with the aid of radar r e -
flections. The actual diurnal variation of the reflec-
tion probability has refuted these assumptions. Taking
into account all the factors in the correlation of the
radio reflections with magnetic distrubances and with
polar aurorae, we can apparently draw the important
though tentative conclusion that as a rule there are no
"daytime polar aurorae" on earth. Only a few years
ago such a statement could not be corroborated by any
direct proof, and the absence of polar aurorae during
the day could mean simply that they could not be ob-
served. (A certain attempt was made by Paton and
Ellison6 6 '6 7 to observe aurorae near Iceland during
the total solar eclipse of 1954. They noticed no signs
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of aurorae.) At the same time it should be noted that
the interpretation difficulties involved in the theory of
polar aurorae and magnetic storms, which is based
essentially on the penetration of corpuscular streams
into the atmosphere, have recently increased rather
than decreased. Whereas the Stormer theory was able
to offer a ready explanation for the arrival of the cor-
puscles on the dark side of the earth, the situation now
becomes more complicated by the inclusion of the
earth's radiation belts, which are reservoirs of cor-
puscles in outer space closest to the earth. The laws
that govern the "shaking out" of corpuscles from the
radiation belts during instants of instability are much
less clear than the regularities in the penetration of
corpuscles in direct streams from the sun.

It can be assumed that although the clearly pro-
nounced daytime minimum of radio reflections from
the auroral zone has not yet been explained, it empha-
sizes at any rate the corpuscular nature of the agent
responsible for the combination of "auro ra l " proc-
esses .

That radio reflections are rarely observed during
the daytime is only a general rule. In some stations
this is not the case at all. There are stations where
daytime reflections are observed quite regularly, a l -
though the intensity of the daytime activity is usually
less than during the night. It is difficult to decide
what role is played here by the characteristics of the
apparatus, by its sensitivity, and by other parameters.
We have already mentioned the S reflections of For-
syth et al.6*'65 Analogous observations in slant sound-
ing (Kemi-Kiruna, path 310 km, frequency 92.8 Me)
are described by Egeland, Hultquist, and Ortner.68

They fixed the daytime maximum at 12 — 16 hours
local time, and the daytime and nighttime signals are
of analogous character.

Ya. G. BirfePd*4 gave a thorough summary of the
features of reception of daylight reflections in many
stations of the Soviet Union, and indicated also the
bursts of reflections which he observed during day-
time and morning hours during periods of chromo-
spheric flares.8 Interesting data are reported by
Presnell et al.34 on radio sounding of aurorae in
College (Alaska) at microwave frequencies (216,
398, and 780 Me). Reflections at the first two fre-
quencies occurred regularly in parallel with reflec-
tions at 41 Me, and both types of signals (diffuse and
discrete) occurred under well defined conditions.
The discrete signals were observed only when the
reflecting region was not illuminated by the sun. Dif-
fuse signals, to the contrary, occur preferably during
daytime hours. Unlike the observations of Forsyth,64 '65

both types of reflections corresponded to an increase
in magnetic activity. Work with very high frequencies
has made it possible for the authors to show that the
regions reflecting these two types of signals are of
quite different structure: the discrete nighttime signals
correspond to a vertical reflecting surface (with gen-

eratrices apparently parallel to the force lines of the
earth 's magnetic field), whereas the diffuse signals
are reflected from a horizontal layer. The height of
the reflections corresponds in either case to the level
of the E layer in the ionosphere.

Other observations of daytime UHF radio reflec-
tions are also reported in the literature;5 '69 some have
been reported by observers located far away from the
auroral zone, in medium or even tropical latitudes.
The sum total of this material is not sufficient to per -
mit any conclusions concerning the nature of the "day-
t ime" UHF reflections.

4. GEOMETRY OF RADIO REFLECTIONS

As was indicated in Sec. 1, the main features of the
"geometry" of radio reflections from polar aurorae
are as follows: there are reflections at considerable
angles to the horizon, the ranges are predominantly
greater than 400 — 500 km (with tendency for the range
to increase at high-latitude stations), and the reflect-
ing regions are essentially located in the northern
quadrant relative to the station, independently of the
geophysical latitude of the station (in the northern
hemisphere).

Since it was already stated that the "au ro ra l " r e -
flections come approximately from the level of the E
layer, the first two of the foregoing features are obvi-
ously interrelated. The upper limit of the range (ap-
proximately 1200 —1400 km) for direct reflections
can be determined by the fact that the farther regions
are hidden behind the observer 's horizon.

Several hypotheses have been proposed to explain
the "aspect" features of ionospheric reflections, con-
nected with magnetic disturbances and polar aurorae.
The principal, now generally accepted, interpretation
is the Herlofson-Chapman hypothesis, while the others
are now of historical interest only.

Thus, Forsyth, Currie, and Vawter19 advanced the
hypothesis that the angle effect is due to strong absorp-
tion in the layer located directly below the reflection
zones. However, the necessary absorption is appar-
ently not attained in fact. According to McKinley and
Millman25 the attenuation of cosmic noise, observed
during the time of polar aurorae, reaches in the corre-
sponding frequency range only several decibels, where-
as the attenuation called for in the hypothesis of Forsyth
et al. should reach several times ten of decibels.

According to calculations by Chapman and Little,70

the increase in absorption at 30 Me during the time of
polar aurorae, at heights of 80 — 90 km, amounts to ap-
proximately 2.5 db.

Harang and Landmark,22 making use of certain pecu-
liarities of the reflections which they observed at two
different frequencies, have proposed that the radio
echo obtained during the time of polar aurorae is the
result of double reflections from the earth's surface
and from the ionosphere. The angle effect, in the opin-
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ion of Harang and Landmark, is determined not by the
anisotropy of the reflecting formations, but by the ex-
istence of different limiting angles of incidence when
operating at different frequencies, fii radio transmis-
sion practice this effect is well known and is taken into
account by the "minimum-usable-frequency factor."
The frequency peculiarities of the reflections observed
by Harang and Landmark were not confirmed in subse-
quent experiments.

The explanation of the "aspect sensitivity," now
accepted by most researchers, was first proposed by
Herlofson.15 In the development of this idea, Chapman38

published a paper containing formulas, tables, and
graphs for the calculation of the "geometry of radio
reflections." According to the Herlofson-Chapman
hypothesis, the "aspect sensitivity" of radio reflec-
tions from polar aurorae, just as the features of the
reflections from meteor trai ls, is due to the anisotropy
of the reflecting ionized formations. In the case of
polar aurorae, the factor that governs the character of
the anisotropy is the earth's magnetic field. It is pro-
posed that the reflecting centers of the " a u r o r a l " ioni-
zation He along the force lines of the field, forming
structures that are stretched out along these force
lines. If we admit that the reflection on the boundary
surfaces is close to specular, the aspect sensitivity is
easy to explain. As in the case of meteor trails, the
optimum conditions for reflection will occur when the
radio beam is perpendicular to the reflecting surface.

Chapman38 calculated the geometric loci of the
points of reflection, giving the configuration and posi-
tion of the "auroral reflecting surfaces" for different
observer positions. Chapman considered only the field
of a centered dipole and made no attempts to take a
more rigorous account of the earth's real field; nor
did he consider refraction of radio waves in the tropo-
sphere and in the lower layers of the ionosphere.
Chapman's principal results are illustrated in Figs.
18 — 20.

For a station Q (Fig. 18) with a geomagnetic lati-
tude <p, the geometric locus of the points of reflection
is determined by the requirement (H> T ) Q P = 0, that
the magnetic field intensity vector H at the point P
be perpendicular to the radius vector r drawn from
Q to the same point.

Chapman's " a u r o r a l " reflecting surface is r e p r e -
sented in Cartesian coordinates by a third-degree al-
gebraic equation. Figure 18 shows the intersection of
this surface with the meridional plane (passing through

Geomagnetic
axis

Geomagnetic latitude cp = 64°

FIG. 18. Meridional section through the Chapman surface cor-
responding to the perpendicularity requirement (H • r) = 0 (after
Chapman").

Q and through the dipole) for a point Q with geomag-
netic latitude <p = 45°. The dotted part of the curve is
located under the earth's surface and is obviously of
no interest in the problem of radio reflections. Parts
of the curve located below the line P N ~ P S > i-e-> below
the observer's horizon (also in first approximation),
are inactive from the point of view of production of re-
flections. Only the portions located above the observ-
e r ' s horizon contain points from which reflections can
be received. For this it is necessary, however, that
the ionization in the corresponding regions of space be
sufficient. This means that in practice one can con-
sider apparently only those parts of the Chapman sur-
face which are located not lower than 80 — 90 km above
the earth's surface. Figures 19a and 19b show parts
of the meridional curve located at high latitudes rela-
tive to the observer, for observation stations with
<p = 64° and (p = 56°. Chapman discusses the possi-
bility of the arrival of reflections from equatorial
zones, too (section Ps of the curve of Fig. 18), but
no actual reflections of this kind have been observed.

The intersection of the Chapman surface with a
horizontal plane containing the point of observation
yields a curve which is nearly a circle when <p is not
too small (see curves marked в = 0 on Fig. 20, for
<p = 60° and <p = 45°).

For sections with planes with specified elevation
angles (in the meridional plane), the reflection points
lie on oval lines. Finally, the intersections between
the Chapman surfaces and spheres of radii Ro + h
(where Ro is the earth's radius), concentric with the

FIG. 19a. Chapman's reflecting surface (meridional
section) for a station with geomagnetic latitude cp = 64°.
OD — observer's horizon with range scale (kilometers);
в — elevation angle. The dotted lines are drawn in the
direction of the geomagnetic field lines.
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Geomatic latitude cp = 56°

85

FIG. 20. Intersection between Chapman's surface
and planes with given elevation angles в in the
meridional plane (solid curve) and spheres concen-
tric with the earth's surface at specified distances
h from the earth's surface (dashed lines), а) cp =60°,
b) cp = 45°. The numbers following the letters h and
R denote the height and range of the corresponding
point in kilometers (after Chapman").

h
km

FIG. 19b. Chapman's reflecting surface (meridional
section) for geomagnetic latitude cp = 56° (see also cap-
tion to Fig. 19a).

Ш Дкт

~ Locus for
h = 100 km

a)

e a r t h ' s sur face, y ie ld the so-ca l led " C h a p m a n l o c i , "
i .e . , the posi t ions of the points of opt imum ref lection,
corresponding to a specified ref lection height h ( F i g .
20a shows dotted the loci for h = 80 and h = 100 km;
Fig. 20b shows the locus for h = 100 k m ) . If the r e -
flecting ionized a u r o r a l reg ions a r e actually local ized
in a c e r t a i n n a r r o w interval of heights , the " l o c u s "
gives the space posit ion of the zone r e s p o n s i b l e for
the re f lec t ions .

The quest ion of the cause of the ani sot ropy of the
ionization i s not cons idered by Chapman. However,
both Herlofson and Chapman, as well a s s o m e other
a u t h o r s , r e g a r d i t a s self-evident that the ionization
along the l ines of the e a r t h ' s magnet ic field can be
produced d i r e c t l y a s a r e s u l t of the corpuscu les that
p e n e t r a t e into the a t m o s p h e r e . Booker, whose ideas
will be d i s c u s s e d in Sec. 5, holds to a different opinion
in this m a t t e r .

" C h a p m a n ' s s c h e m e " was a splendid working tool
and v e r y successful in i n t e r p r e t i n g r e s u l t s of rad io
observat ions of p o l a r a u r o r a e . One m a y think t h e r e -
fore that i t s underlying ideas a r e c o r r e c t . Yet it i s
evident that it i s based on an es sent ia l ideal izat ion.
This is seen from the fact that in many c a s e s the ob-
served " r e f l e c t i o n g e o m e t r y " does not fit the C h a p -
m a n s c h e m e . It a g r e e s m u c h b e t t e r with m e d i u m -
lat i tude observat ions than with high-lat i tude o n e s .
Thus, the g r e a t e r p a r t of the re f lect ions obtained in
Murmansk, College (Alaska) o r T r o m s o (Norway)
should be i n t e r p r e t e d by the Chapman s c h e m e as r e -
flections from s u r f a c e s located lower than 80 — 85 km
(see Fig. 19a), i .e . , at the level of the m i n i m u m heights

of the p o l a r a u r o r a e , and i s appreciably lower than the
actual ly observed ref lect ion heights .

If the e a r t h ' s magnet ic field at the 100 —150 km
level i s not r e g a r d e d a s the field of a c e n t e r e d dipole,
then the Chapman perpendicu lar i ty r e q u i r e m e n t i s
much b e t t e r satisf ied for many s t a t i o n s . Such a r e -
p lacement of the ideal ized " g e o m a g n e t i c f i e ld" by a
p a t t e r n of force l ines connected with the local s t r u c t u r e
of the field at the e a r t h ' s sur face has been m a d e by
Pogore lov, 3 0 Unwin, 2 6 ' 2 7 and a few o t h e r s (Figs . 21 and
22).

Another point that needs re f inement in the Herlof-
son-Chapman theory i s an account of the r e a l s c a t t e r -
ing i n d i c a t r i c e s of the ionized " a u r o r a l " fo rmat ions .
If we d i s r e g a r d the specia l types of ref lect ions at l a r g e

1000

soo

270' SOO' 330° /V
Azimuth

30° 60'

FIG. 21. Position of points of equal probability of reflection,
in azimuth — range coordinates, with superimposed Chapman locus
(a) and a locus drawn on the basis of the pattern of the real mag-
netic field (b). N - geographic north (after V. I. Pogorelov;30 sta-
tion Roshchino near Leningrad).
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1000

Direction to
the magnetic °

pole
FIG. 22. Curves analogous to Fig. 21 for the Invercargill sta-

tion (New Zealand) (after Unwin"). a — Chapman locus, b — locus
based on the local magnetic field.

angles (30° —40°) singled out by Collins and F o r s y t h , 6 4

then, according to the observat ions of m o s t authors
(see, for example, r e f e r e n c e s 19, 26, 27, 31, 34, 71),
the deviation of the ref lected r a y from p e r p e n d i c u l a r -
ity usual ly does not exceed 5 —15°. Assuming, for
g r e a t e r s implici ty of calculation, that the ref lecting
formation i s an el l ipsoid of revolution ( s p h e r o i d ) with
dimens ions that a r e l a r g e c o m p a r e d with the wave-
length, K a i s e r obtained an approx imate idea of the
r a t i o of the s e m i - a x e s of t h e el l ipsoid ( a s s u m i n g t h e
axis of the l a t t e r to coincide with the d i rec t ion of the
force l i n e ) . F i g u r e 23 shows t h e dependence of the
effective s c a t t e r i n g c r o s s sect ion of the spheroid on
the r a t i o of the s e m i - a x e s and on the angle of incidence
of the wave. A s e m i - a x i s r a t i o of 1 :10 c o r r e s p o n d s to
a s h a r p reduct ion in the ref lect ing ability at angles of
incidence g r e a t e r than 5° to the spheroid axis, and a
r a t i o of 1 :5 can explain the c a s e s in which the r e f l e c -
tion intensity is at tenuated m o r e slowly within approx-
imately 15°.

As was a l ready indicated (Sec. 1), K a i s e r and a
group investigating r a d i o re f lect ions at t h e J o d r e l l
Bank S t a t i o n 2 1 ' 4 1 ' 4 6 a d h e r e to t h e i r own point of view
concerning the locat ions of the " a u r o r a l " ref lecting
format ions . They a s s u m e that ne i ther the " C h a p m a n
l o c u s " n o r a " l o c u s " based on the local magnet ic field
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FIG. 23. Relative effective cross section as a function of the
ratio of the semi-axes of the spheroid and of the angle of reflec-
tion ф. a/b — ratio of vertical to horizontal dimension of the
spheroid (after Kaiser41).

330 30 SON
Azimuth

FIG. 24. Locations of the reflecting formations in space
(range vs. azimuth) for the Jodrell Bank Station (after Kaiser").
Dashed curve — "Chapman locus"; A — geomagnetic parallel;
В, С — boundaries determined by the opening angle of the
beam of the radar antenna.

fit the locat ions of the ref lect ing formations in space .
In the opinion of K a i s e r e t a l . the observed p a t t e r n of
azimuth var ia t ion of the range of the echo can b e ex-
plained m o r e c o r r e c t l y by locating the ref lect ing c e n -
t e r s along a c e r t a i n fixed geomagnetic p a r a l l e l . To
confirm th i s , range vs . az imuth d i a g r a m s have been
plotted. The d i a g r a m of Fig. 24, taken from the p a p e r
by K a i s e r , 7 2 i s indeed in poor a g r e e m e n t with the
" C h a p m a n l o c u s " and fits b e t t e r the a s s u m e d la t i tud-
inal d imension of the ref lection zone. However, th i s
effect can hardly be d i s c e r n e d on the d i a g r a m for the
Stanford (U.S.A.) station, published in the s a m e a r t i c l e .
Recently F o r s y t h 3 3 r e t u r n e d to the quest ion of the s p a -
t ia l disposit ion of the ref lect ing reg ions and the r e a -
sons for the " a s p e c t s e n s i t i v i t y . " As was a l ready in-
dicated, F o r s y t h and his c o - w o r k e r s did not succeed
in proving the ex i s tence of s t r o n g absorpt ion in the
region below the ref lection zone, and in the i n t e r p r e -
tat ion of r e s u l t s obtained with continuous radiat ion
and b i s ta t ic ( two-posit ion) a p p a r a t u s , 6 3 ' 6 4 t h e s e a u -
t h o r s accepted the hypothesis of ref lection from s p h e r -
oids or iented along the magnet ic field for those c a s e s ,
in which the aspect sensi t iv i ty was observed in the
e x p e r i m e n t s .

In his 1960 paper , F o r s y t h p r o p o s e s a different ex-
planation. In his opinion, the c l e a r - c u t connection ex-
ist ing between a c e r t a i n p a r t of the a u r o r a e and the
radio ref lections gives grounds for a s suming that the
ref lect ion reg ions actual ly coincide with the regions
of optical glow, although this may not always be evi-
dent to the o b s e r v e r . The predominant f o r m s of the
a u r o r a e , a r c s and bands, usually s t r e t c h out o v e r many
hundreds of k i l o m e t e r s in lat i tude, but have at the s a m e
t i m e l i t t le depth (on the o r d e r of 1 k m ) . Complex a u -
r o r a l shapes in the form of loops, s c r o l l s , e tc . a r e l e s s
frequent. The s ta t i s t ica l probabil i ty of receiv ing r e -
flections, o ther conditions being equal, is proport ional
to the intensity of the ref lected s ignals . If it is a s -
sumed that incoherent s c a t t e r i n g t a k e s p lace, the i n -
tensi ty of the ref lected signal will depend (for a fixed
durat ion of the sounding pulse and a given angular
beam width and d i s tance to the t a r g e t ) on the d i a m -
e t e r of the " t a r g e t " and on i t s depth, i .e. , on the s ize
of the s c a t t e r i n g v o l u m e . 8 ' 3 3 ' 7 3 Simple " f l a t " a u r o r a l
formations a r e in a posit ion favorable to the p r o d u c -
tion of re f lect ions if the b e a m i s d i r e c t e d approx i-
mate ly along the n o r m a l to the formation, i .e . , a p -
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proximately to the " n o r t h " or " s o u t h " azimuth; to
the contrary, the " e a s t " and " w e s t " azimuths are
characterized by low probability of reflections from
homogeneous arcs, regardless of the position of the
station. In contradistinction, complex "not flat" forms
of aurorae, which are more rarely encountered, will
provide reflections at all azimuths with equal proba-
bility. Taking these considerations into account and
bearing in mind the latitude factor in the appearance
of the aurorae, Forsyth attempts to calculate the sta-
tistics of the appearance of radio reflections for the
stations in Saskatoon and in College, without using
any assumptions, concerning the microstructure of
the reflecting ionized formations.

Forsyth's arguments can hardly be objected to, but
they still do not explain fully why, according to the ob-
served data, a sharp preference for reflections from
the north is observed at College (geomagnetic lati-
tude 64°), which is located very close to the maxi-
mum of the auroral zone, and why there is no corre-
sponding maximum of reflections from the south. It
remains unclear from this paper which factor in For-
syth's calculations for College should emphasize this
predominance of the northern magnetic azimuth. Con-
sequently the arguments advanced do not describe
completely the specific anisotropic structure of au-
roral reflecting formations.

5. ELECTRON CONCENTRATION

Apart from Chapman's reflection scheme, which
established a connection between the "aspect sensi-
tivity" and the structure of the magnetic field, very
little was done so far on a physical interpretation of
the observed reflection picture.

The parameter of greatest interest for the deter-
mination of the nature of the processes, in conjunction
with data on the correlation with other geophysical
phenomena, is the electron concentration. Now that
we have described in the preceding sections the main
characteristics of the phenomena, it is natural to turn
to the problem (posed at the beginning of the article)
of the real values of the electron concentration in the
ionized formations responsible for the UHF reflection
from the auroral zones.

The complicated character of the predominant part
of the reflected signals (diffuse reflections), the in-
creased fading frequency in long-range ionospheric
propagation of UHF through the zone of the polar au-
rorae, and the strong depolarization of the reflected
waves, noted in the auroral echoes, all are evidence
of a rather complicated and variable structure of the
ionosphere in the region of auroral disturbances. The
incoherent character of the reflection manifests itself
clearly in many characteristics of the radio echoes
from polar aurorae. Scattering by the fluctuating
ionospheric inhomogeneities must therefore be con-
sidered to be the most important element in the mech-

anism of the examined radio reflections. At the same
time, this mechanism is apparently not confined to
scattering by random inhomogeneities, at least not in
every case. This is demonstrated by the existence of
weakly distorted signals in the form of discrete echoes,
the duration of which is sometimes sufficiently long.
That the structure of the auroral ionized formations
is an ordered one is clearly demonstrated by the a s -
pect sensitivity of the reflections. Finally, individual
observations (for example, the aforementioned ob-
servations of Unwin and Gadsden37 with a multiple-lobe
antenna) provide direct evidence that extensive sharply
outlined layers exist in the reflecting region during
definite instants of time. It is most probable that all
types of reflections listed in Sec. 1 participate in the
formation of the reflections and are superimposed in
various combinations, and that different mechanisms
predominate in different cases. The conjunction of
coherent and incoherent reflections makes the prob-
lem of calculating the values of the electron concen-
tration rather complicated at times.

Let us illustrate by means of some calculations the
results obtained when attempts are made to use the
concepts of regular reflection and of coherent scat-
tering.

As was already indicated in Sec. 1, Lovell, Clegg,
and Ellyett1 4 who were the first to observe the " a u -
r o r a l " radio reflections on a radar screen, have as-
sumed that total reflection from an ionized cloud is
involved.

Herlofson,15 estimating the intensity of the observed
reflected signals, has shown that regular reflection can
be assumed only when the coefficient of reflection is
very small, on the order of p = 5 x 10~7, which means,
if the absorption is negligible, that the reflecting for-
mation is almost transparent to radio waves on 46 M e *
The electron concentration can be readily calculated
by assuming a sharp boundary for the reflecting region
(Fresnel reflection) and that the index of refraction
differs little from unity. The Fresnel formula in the
"ionospheric" notation has the form (R is the ampli-
tude reflection coefficient)

R =р'/« =
Axmf-

(3)

( N i s the e l e c t r o n c o n c e n t r a t i o n , f the f requency, e

and m the c h a r g e and m a s s of the e l e c t r o n ) . With t h i s

•The signal power delivered to the input of the radar receiver
by reflections from a plane surface can be calculated by the for-
mula

(2)

where P r i s the received power, Pt i s the radiated power, Gt i s
the gain of the transmitting antenna, A = GrA

2/4»r is the effective
area of the receiving antenna, D is the distance to the object,
and p i s the reflection coefficient. With P t £ 50 kw, P , s l x 10~13

w, D s 500 km, and A = б m, the figure obtained for p is approxi-
mately 5 x 10~7.
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value of p we obtain for the electron concentration

JVs*7.104 cm" 3 .

This is two or three times less than the daytime con-
centration in the E layer, meaning apparently that the
assumed reflection from a sharp interface is wholly
untenable. The low value of the reflection coefficient,
according to Herlofson, may also be the result of the
diffuseness of the boundary. It is easy to show that if
the boundary becomes diffuse the coefficient of reflec-
tion decreases in proportion to the factor

(7 =
1 Г dN *"

dx (4)

where dN/dx is the gradient of the concentration in the
transition region and No is the electron concentration
far from the boundary. If the transition layer is approx-
imated by means of the formula

dN
~dx~

we obtain after integration

(5)

(6)

from which it follows that the thickness of the transition
layer should be on the order of several meters (a s 3m
if C s 10~6.

Herlofson admits the possibility of such a structure
for the surface of the reflecting layer, although he be-
lieves that an inhomogeneity with so large a gradient
would dissolve in the ionosphere quite rapidly (< 20
minutes).

We see that these estimates are rather approximate
in character. However, apparently the fluctuations of
the gradients of the electron density in the reflection
zone can actually lead to instability of the amplitudes
of the reflected signals and to a variable form of the
envelope on the amplitude-time display, as is particu-
larly emphasized in several papers by Ya. G. Birfel'd.8'**

Aspinol and Hawkins16 also interpreted the results
of their observations by using the Fresnel reflection
hypothesis. A formula analogous to (3) for reflections
from a double-curvature surface has the following form

kQ

l/2k ab (7)

Here a and b are the radii of curvature of the sur-
face (a, b » \ ) and k, in accordance with (2), is equal
to

р\'ю
(8)

where Pj is the radiated power and G the gain of the
radar antenna.

In the case of a plane interface, Aspinol and Hawkins
obtained, like Herlofson, an electron concentration on
the order of N = 104 cm" 3 . However, the Fresnel r e -

flection from a cylinder with curvature radii a = °°
and b = 1 km leads already to a concentration N = 6
x 105 cm" 3 . The existence of such cylinders or col-
umns of ionization is feasible from the point of view
of optical observations: the long vertical rays of polar
aurorae have a diameter on the order of 1 km. Aspinol
and Hawkins did not consider reflection from a combi-
nation of many similar formations (rays in a curtain
or a band of rays), although such a case should be the
more typical if we consider the most probable condi-
tions of correlation between radio reflections and the
visual picture of the aurorae. But the calculation of
reflection from an irregular structure of this type
would obviously be too arbitrary, even if it were to
be of any use at all.

Hellgren and Meos,1 8 in an analogous calculation of
the reflection from a cylindrical surface on 30 Me, ob-
tained a value 2 x 106 cm" 3 for the electron density.
They measured in addition the average time of signal
fluctuation. If the effective coefficient of recombina-
tion in the E layer has during the time of the aurora
its usual value, approximately 1 x 10"8 cm 3/sec, then
the relaxation time (t = 1/aN, where a is the r e -
combination coefficient and N the electron density)
is found to be approximately 45 sec. This, according
to Hellgren and Meos, is also the average period of
the fluctuations of the reflected signal, confirming,
in their opinion, the correctness of their estimate
of N.

The average coefficient of reflection from a certain
regular reflecting surface and the corresponding aver-
age value of the electron concentration were calculated
by Seed71 (New Zealand Radio Observatory). By rela-
tive calibration of the intensities of the signals cor re-
sponding to different ranges, the author attempted to
ascertain the general character of the form of the r e -
flecting surface. An attenuation obeying approximately
a D~2 law has enabled the author to assume that the
reflections come from a certain plane or from an ag-
gregate of discrete radiators distributed over a plane.
The formulas, which have already been given above,
yield in this case a value for the coefficient of reflec-
tion on the order of

e e^2-ю-',

and the average electron concentration is found to be
in the range

2.4-104 < N< 7.5-104 cm" 3 (9)

The author does not assume that such a concentration
is uniformly distributed over a large volume, and con-
siders the scattering surface to consist of discrete
coherently-scattering radiators. The observed azi-
muthal distribution of the signal fits an aggregate of
cylindrical radiators best of all. The author draws
no conclusion whatever concerning the dimensions and
spatial distribution of these radiators, nor does he de-
termine the true electron concentration in these radi-
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ators (the critical concentration is no exception).
The conditions for incoherent reflection (scatter-

ing ) and the determination of the parameters of the
scattering inhomogeneities have been the subject of
many investigations, mostly recent. The possibility
of estimating the values of the electron concentration
on the basis of direct radio-reflection data are quite
unclear in this case. Kaiser 4 1 favored the hypothesis
of total (critical) reflection from the inhomogeneities
connected with the polar aurorae, leaning, for example,
on the following arguments. Firstly, in the partial r e -
flection hypothesis the values of the concentrations,
which are close to critical (see references 16 and 18),
should fluctuate strongly, in view of the variability of
the polar aurorae. It would be logical to expect in in-
dividual instants of time sharp peaks of reflection in-
tensities, something which does not occur. Secondly,
allowance for a finite concentration gradient at the in-
terface leads (for X on the order of several meters)
to a boundary layer whose effective thickness is hardly
more than several decimeters. To assume a stable
existence of such transition layers at an altitude of
100 —120 km in the atmosphere is impossible, for this
is also the average mean free path of the molecules at
that level.

The difficulties of obtaining a correct picture of the
" a u r o r a l " ionization are apparently closely related
with the fact that the characteristic spatial parameters
of the auroral ionospheric inhomogeneities are close
to the wavelengths used for sounding. A method by
which these difficulties can be overcome in some
manner and the indeterminacy in the estimate of the
character of the reflection eliminated, is the parallel
use of several frequencies. Forsyth and Vogan,63 and
later Collins and Forsyth, made an attempt to use this
method for an experimental estimate of the electron
concentrations in the reflecting volumes.

Forsyth and his co-workers used three radars in
simultaneous operation on 32.22, 39.22, and 48.82 Me,
and identical antenna installations. Two-position op-
eration was used: the receiver and transmitter were
separated by approximately 1000 km. The reflection
region was assumed to be located near the middle of
the ray trajectory, at the height of the E layer. Un-
modulated transmission was used.

If we denote by A the amplitude of the signal at the
receiver input, then the power gathered by the receiver
antenna can be expressed as
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w h e r e P'r i s t h e i n p u t w h e n A = 1 , S i s t h e e f f e c t i v e

r a d a r c r o s s s e c t i o n o f t h e t a r g e t , * a n d D t a n d D 2 a r e

*The radar ef fect ive c r o s s s e c t i o n i s defined as:™

Wr

the distances from the transmitter and from the r e -
ceiver to the target.

Upon substitution of the apparatus parameters* we
obtain the following working formula for S:

S = 2,5-106- (11)

The amplitudes observed by the authors corresponded
to the values of the effective cross sections from
2 x 104 to 4 x 107 m 2 . In reflection from a surface this
would mean a reflection coefficient from 2 x io~8 to
10~5. If the dimensions of the reflector are much
smaller than the Fresnel zone and can be character-
ized by a certain definite cross section (S = const),
the amplitude of the signal A will be proportional to X.
Noting that "such a relation obtains frequently, even
when the reflection process cannot be ascribed to a
definite physical cross section," the authors investi-
gate the character of the actual wavelength dependence
of the "reduced amplitude" A' = A/X, observed in
their measurements. The theoretical dependence of
A' on X for certain types of ionospheric reflection
and scattering, is known from estimates contained in
several papers:

1. Partial (Fresnel) reflection from a plane layer,
in which the electron concentration is much less than
critical; the interface is sharp (Herlofson1 5). Accord-
ing to Eq. (3), the coefficient of reflection is p ~ Л.4,
i.e., A2 ~ pX2 ~ X6 and, consequently,

A'- A
A ~T'

(12)

2. Scattering by isotropic inhomogeneities with low
electron density (Bailey et a l . 7 ) . The scattering coef-
ficient a is proportional to (1 + к/Л.2)"1, where к is
a factor that depends, other conditions being equal, on
the scattering angle. Since A2 ~ X2a, we have for
small scattering angles

(13)

in the case of large-angle scattering or when the in-
homogeneities are much larger than the wavelength,
к » X and (13) goes into (12).

3. Scattering by non-isotropic elongated inhomoge-
neities with low electron density (Booker 7 4). In back-
ward scattering (reflections of the radar type) the
scattering coefficient a is found to be proportional to
exp (— k t /A.2), and consequently

A'- (14)

where Wr is the flux density of the energy scattered in the direc-
tion towards the receiver at a distance D from the scatterer, and
Wj is the flux density of the energy incident on the scatterer.

w h e r e k t i s a c e r t a i n f a c t o r .

4 . F o r v e r y t h i n a n d l o n g w e a k l y i o n i z e d c o l u m n s

t h i s d e p e n d e n c e g o e s i n t o ( s e e r e f e r e n c e 1 6 )

A' ~ AA ( 1 5 )

W h e n t h e i o n i z a t i o n i s g r e a t e r t h a n c r i t i c a l , a n e n t i r e l y

*G t = G r = 10, D, = D, = 500 km, P t = 0.1 kw; the unit input

amplitude i s taken to be 10~ 7 v.
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different situation should prevail. If the dimensions of
the highly ionized inhomogeneities are sufficiently
large, the reduced amplitude will not depend on the
wavelength and will be determined only by the ratio
of the dimensions of the inhomogeneity to the size of
the first Fresnel zone. As noted by Forsyth, Vogan,
and Collins,6 3 '6 4 and as emphasized earl ier by Kaiser,4 1

the difference between the two types of reflections de-
notes instability of the reflections if the length of the
reflected wavelength is close to critical.

Starting out with these considerations, Forsyth and
his co-workers measured the ratio of the reduced am-
plitudes of the reflected signals, using three radars
simultaneously. Denoting the reduced amplitudes by
A£, Ag, and Ag, in accordance with the wavelengths
of the radars , and denoting their ratios by

у — A's

A'.
( 1 6 )

the authors plotted the measurement in X and Y co-
ordinates (Fig. 25). The part of the diagram for which
X > 1 and Y > 1 is divided into three regions in ac-
cordance with the following conditions:

region У > 2, X < У;

r e g i o n / / : X > 2 , Y<X;

region ///: X < 2, У < 2.

If all the reflections occur at less than critical density
(partial reflection), the observed values of X and Y
should be located predominantly in region Ш. On the
other hand, if the mechanism of total reflection is also
in action, then the experimental points can apparently
extend over the entire X—Y diagram. In this case the
following three variants are possible:
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FIG. 25. X-Y diagram of the observed data (after Collins and
Forsyth64). Point A, the adjacent segment of the solid line, and
the dashed curve correspond to Eqs. (15), (13), and (14), respec-
tively. The shifts of curves В and С are to allow for absorption
(10 and 20 db for X = 9 m).
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1) The average electron density N, in the ionized
reflecting volumes, is greater than the critical density
N9 for \ = 9 m, but is less than N8 for X = 8 m; then

and consequently, Y » X a 1; the exper imenta l points
l ie in region I.

2) Analogously, if N6 > N > N 8 , then Ag s A 8 > A'6,
and consequently X » Y з 1. The points will lie in
region^n.

3) N > N6, i.e., the electron concentration exceeds
critical for all three wavelengths. In this case Aj
s A j s A J and consequently X з Y a 1; we can expect
all the experimental points to lie in region III.

The circles and crosses in Fig. 25 correspond to
two different observation periods (08:30 —11:30' and
19:00 — 23:00, Greenwich time March 3, 1956). The
points of the first period are concentrated predomi-
nantly in region II (Y close to 1, X scattered), while
the points of the second period lie in region I (X close
to 1, Y scattered). In accordance with the author's
interpretation, we should conclude that the electron
density during the first period, i.e., in the hours past
midnight (local t ime), was greater than N8 = 1.9
x Ю7 cm" 3 , but did not exceed N6 = 3.0 x 107 cm" 3 ;
in the afternoon hours local time (second period) the
electron density was apparently less than Ng, but ex-
ceeded N9 = 1.3 x 107 cm" 3 .

The work of Collins and Forsyth*4 is interesting
because it contains the first attempt at experimentally
estimating the electron densities in ionized forma-
tions of the polar aurorae. At the same time, this in-
vestigation is a clear example of how complicated the
problem is.

It should be mentioned in connection with the work
of Forsyth et al.63»64 that the statistical properties of
auroral ionized reflecting formations are discussed
in a recent paper by McNamara.7 5 Without aiming at
an investigation of the reflection mechanism, but being
interested essentially in the effective size of the in-
homogeneities, McNamara found that the statistical
distribution of the intensities of the " a u r o r a l " signals
agrees well with a power-law or exponential distribu-
tion of the probability p (X) of the effective radar
cross sections, namely

or
l

Naturally, the model of an ionosphere consisting
of a large number of individual fluctuating inhomoge-
neities is not new. An analysis of the properties of
a " turbid," incoherently scattering ionosphere is for
example, the subject of papers by Ya. L. Al'pert, 7 6" 7 8
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A. A. Ainberg,79 and others. In some of these inves-
tigations (see, for example, reference 77), numerical
values have been obtained for many statistical param-
eters of the unperturbed ionosphere, such as the ran-
dom velocity of motion of the inhomogeneities, the
angular and linear dimensions of the inhomogeneities,
the fluctuations of the electron density, and others.
These calculations have not yet been applied to the
perturbed state of the polar ionosphere and to an ex-
planation of the " a u r o r a l " radio reflections. Many
interesting points of view concerning the physical
nature of ionospheric irregularities in the E layer
and the parameters that they must have to scatter
UHF waves effectively are contained in the papers of
Ya. L. Al 'pert" and Booker.74 Since Booker is espe-
cially after an interpretation of auroral radio reflec-
tions with account of the anisotropy of the inhomoge-
neities, we shall discuss this paper in greater detail.

UHF reflections from polar aurorae are of special
interest in the general study of ionospheric inhomoge-
neities. On the one hand, " a u r o r a l " inhomogeneities
have many peculiarities not possessed by the iono-
sphere at other latitudes; these are obviously con-
nected with geomagnetic disturbances and the cor-
puscular penetrations. Their nature is in all proba-
bility inseparable from the nature of the latter. At
the same time, the observed analogies with certain
effects that occur at medium and low latitude suggest
that at definite times the penetration of corpuscular
streams into the upper atmosphere plays an essential
role in the state of the ionosphere. It is quite obvious
by now that along with an account of the action of
strong non-permanent corpuscular streams, which
produce intense geomagnetic disturbances and other
clearly pronounced geophysical effects, one must not
neglect the existence of a corpuscular "background"
continuously bombarding the earth. 4 0 ' 5 5 This back-
ground may, for example, cause the ionization in the
E and F layers during the polar night, the glow of
the night sky, etc. The mechanism of interaction be-
tween the corpuscular streams and the magnetic field
of the earth and the processes that accompany the
penetration of the corpuscles into the atmosphere
are far from clear. The earl ier theories took account
primarily of the possibility of corpuscles arriving
directly from the sun and entering into the upper at-
mosphere of the earth. As our knowledge of the outer
space surrounding us increases, the question can evi-
dently be treated differently. The earth has a constant
reservoir of corpuscles in the form of "radiation
belts ," which are the source of corpuscular bombard-
ment of the upper atmosphere during the time of the
disturbances. It is not excluded that many corrections
and modifications will have to be introduced into the
basic premises of the theory of polar aurorae and
magnetic storms; it is universally known that there
were many contradictions in the old theories. Thus,
for example, serious difficulties arose in estimates

of the absolute values and velocity distributions of the
" a u r o r a l " protons from observations of the spectra
of the polar aurorae, of the depth of penetration of the
corpuscles and their composition, etc. The particle
energy in corpuscular streams is still uncertain; ac-
cording to various assumptions, it may range from
103 to 106 ev. The point of view that the auroral iono-
spheric inhomogeneities are essentially produced by
an aggregate of ionized tracks of penetrating cor-
puscles (Sec. 4) is therefore not the most obvious one.
An attempt at attributing the anisotropy of the auroral
ionization to turbulence was undertaken by Booker,
who first indicated (together with Gordon8 0) the pos-
sible role that turbulence may play in the occurrence
of ionospheric inhomogeneities at the level of the E
layer and above.

The ionized plasma becomes anisotropic in a mag-
netic field because the effective range of the electrons
becomes restricted in the direction transverse to the
magnetic field. The turbulence, as a result, also be-
comes anisotropic. The condition under which the
control that the magnetic field exerts on the motion
of the electrons (and ions) becomes a major factor
is, according to Booker,81 that the frequency of colli-
sion between the charged and neutral particles be ap-
preciably less than their gyromagnetic frequency. For
electrons in the atmosphere this takes place approxi-
mately above the 75 km level. Figure 26, taken from
Booker's paper 8 1 shows the altitude dependence of the
ratio of the average drift velocities of the electrons
and ions in two mutually perpendicular directions
(transverse and parallel to the field). The ratio of
the horizontal and vertical dimensions of the electronic
inhomogeneities is determined by two processes. First,
directly by the collisions between the electrons and the
molecules; the ratio of the horizontal to vertical di-
mensions of the inhomogeneities, proportional to the
ratio of the drift velocities, is characterized in this
case by the curve for the electrons in Fig. 26. Second,
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FIG. 26. Effect of collisions with neutral molecules on the
drift velocity of electrons and ions in a magnetic field (after
Booker").
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collisions between positive ions and molecules, since
it is necessary to take into account the Coulomb at-
traction between ions and electrons. In the region of
the E layer, the ratio of the transverse to longitudinal
drift velocities for ions is close to unity, and therefore
the Coulomb interaction of the ions and electrons will
tend to reduce the anisotropy of the electron inhomoge-
neities. The limiting value of the anisotropy is given
by the ion curve on Fig. 26. The resultant plot for the
probable transverse dimensions of the electronic in-
homogeneities is shown in Fig. 27. It can be seen that
allowance for only the collisions between electrons
and molecules should lead, for heights greater than
160 km, to inhomogeneity dimensions that are incom-
patible with the mean free path of the molecules (which
determines the possible minimum turbulence scale).
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FIG. 27. Dimensions of
electronic inhomogeneities
as functions of the height
and of the dimension of the
vortices, with and without
the electrostatic influence
of the ions (after Booker").
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T h e v e r t i c a l d i m e n s i o n of t h e e l e c t r o n i c i n h o m o g e n e i -

t i e s i s d e t e r m i n e d b y t h e s c a l e of t h e i s o t r o p i c ( i n

f i r s t a p p r o x i m a t i o n ) t u r b u l e n c e of t h e n e u t r a l g a s ,

f o r w h i c h B o o k e r d e t e r m i n e s t h e l i m i t i n g c h a r a c t e r -

i s t i c v o r t e x d i m e n s i o n s . T h e u p p e r l i m i t L t i s d e t e r -

m i n e d b y t h e m i n i m u m e n e r g y of t h e v o r t e x a t a g i v e n

l e v e l i n t h e a t m o s p h e r e , w h i l e t h e l o w e r l i m i t L 2 i s

d e t e r m i n e d f r o m t h e c o n d i t i o n t h a t a t u r b u l e n c e s c a l e

l e s s t h a n L 2 i s n o l o n g e r p o s s i b l e i n v i e w of t h e p r e s -

e n c e of v i s c o s i t y a n d t h e c o n v e r s i o n of t h e k i n e t i c e n -

e r g y of t h e v o r t e x i n t o h e a t .

F o r t h e l e v e l n e a r 110 k m , t h e c h a r a c t e r i s t i c d i -

m e n s i o n s of t h e v o r t i c e s , a c c o r d i n g t o B o o k e r ' s c a l -

c u l a t i o n s , r a n g e f r o m L 4 = 500 m t o L 2 = 30 m

( F i g . 2 8 ) . B o o k e r d o e s n o t i n v e s t i g a t e t h e t u r b u l e n c e

s p e c t r u m .

In r a d a r r e f l e c t i o n s o n e d e a l s w i t h b a c k w a r d s c a t -

t e r i n g of t h e e n e r g y of t h e i n c i d e n t w a v e . T h e p r i n -

c i p a l r o l e i n b a c k w a r d s c a t t e r i n g , a s s h o w n b y B o o k e r

a n d G o r d o n i n a s t u d y of i s o t r o p i c t u r b u l e n c e ( a n d a l s o

by Ya. L. Al'pert 7 7), should be played by small inho-
mogeneities, particularly with characteristic dimen-
sion L s Х/47Г. For forward scattering at angles less
than A./27rLi, it is important to take into account the
large inhomogeneities with dimensions L s L [ . In
the case of anisotropy, these conditions pertain to both
longitudinal (L) and transverse (T) dimensions of
the inhomogeneities.

FIG. 28. Characteristic dimen-
sions of vortices (turbulence scale)
(after Booker").

Small vortices ( Ц )
Large vortices (L,)\

/ Юг 111*
Turbulence scale, m

It i s e a s y t o s e e t h a t f o r a l l t h e f o r e g o i n g f a c t o r s

B o o k e r ' s a r g u m e n t s a r e n o t s p e c i f i c a l l y c o n n e c t e d

w i t h t h e p o l a r i o n o s p h e r e , i f w e d i s r e g a r d t h e f a c t

t h a t t h e i d e n t i f i c a t i o n o f l o n g i t u d i n a l ( r e l a t i v e t o t h e

m a g n e t i c f i e l d ) t u r b u l e n t m o t i o n s w i t h t h e v e r t i c a l

d i r e c t i o n a n d o f t h e t r a n s v e r s e o n e s w i t h t h e h o r i z o n -

t a l d i r e c t i o n i s v a l i d o n l y f o r s u f f i c i e n t l y h i g h l a t i t u d e s .

T h e r e f o r e , a c c o r d i n g t o B o o k e r , t h e f u n c t i o n o f " a u -

r o r a l a c t i v i t y " i n t h e f o r m a t i o n o f a n i s o t r o p i c i o n o -

s p h e r i c i n h o m o g e n e i t i e s r e d u c e s t o t h e f o l l o w i n g :

a ) T h e c r e a t i o n o f c o n d i t i o n s f o r t h e o c c u r r e n c e o f

i n c r e a s e d e l e c t r o n i c c o n c e n t r a t i o n a n d i n c r e a s e d g r a -

d i e n t s o f e l e c t r o n c o n c e n t r a t i o n , w h i c h c a n l e a d t o a n

i n c r e a s e i n t h e i n t e n s i t y o f f o r m a t i o n o f e l e c t r o n i c i n -

h o m o g e n e i t i e s .

b) T h e c r e a t i o n , a l o n g w i t h g e o m a g n e t i c e f f e c t s , o f

u n u s u a l l y s t r o n g e l e c t r i c f i e l d s , w h i c h c a n c a u s e t h e

e l e c t r o n i c i n h o m o g e n e i t i e s t o d r i f t w i t h v e l o c i t i e s

n e c e s s a r y f o r t h e e x p l a n a t i o n o f t h e f a d i n g a n d D o p p l e r

p h e n o m e n a i n h e r e n t i n t h e r a d i o r e f l e c t i o n s f r o m p o l a r

a u r o r a e . T h e r o l e o f t h e c o r p u s c u l a r a g e n t , a s s u g -

g e s t e d b y B o o k e r , c a n a l s o b e c o n n e c t e d w i t h t h e s e

t w o f a c t o r s .

R e f e r r i n g t h e r e a d e r t o t h e o r i g i n a l a r t i c l e 7 4 ' 8 1 f o r

t h e d e t a i l e d c a l c u l a t i o n s , w e g i v e h e r e t h e f i n a l f o r m u l a

d e r i v e d b y B o o k e r f o r t h e a v e r a g e c o e f f i c i e n t o f b a c k -

w a r d s c a t t e r i n g i n t h e c a s e o f a n i n h o m o g e n e i t y f i e l d

w i t h c h a r a c t e r i s t i c d i m e n s i o n s L a n d T :

x exp( — - s in •r). (17)

where a is the backward-scattering coefficient, i.e.,
the coefficient of scattering at angles close to 180°,
XJJ is the critical wavelength for an electron density
N, (AN/N)2 is the mean square .of the fluctuations of
the electron density in the inhomogeneities, T is the
transverse dimension of the inhomogeneities, L is the
longitudinal dimension of the inhomogeneities, ip is the
angle between the direction of the radio beam and the
longitudinal axis of the scattering inhomogeneity, and
X is the radar wavelength. A formula quite similar
to (17) was obtained independently by Ya. L. Al'pert.77

Integration of (17) over the proposed scattering vol-
ume enabled Booker to estimate the values of the re-
flected energy. He found it possible here to evaluate
separately the longitudinal dimensions of the inhomo-
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geneities, since the calculations could be carried out
in such a way that the integral expression contained
a factor that depended on L and on the angle of reflec-
tion, which in turn determined the "aspect sensitivity."
According to Booker's calculations,7 4 the characteris-
tic longitudinal dimension of the auroral inhomogenei-
ties is on the order of 7 meters . The transverse di-
mension of the inhomogeneities, extimated in the paper
quite crudely (on the basis of the observed limiting
frequency of the auroral radio reflections) is found
to be on the order of 0.16 meter. The ratio (0.16 : 7
s 2 x 1O~2) agrees with the values predicted by Book-
e r ' s theory (see Fig. 26) for heights on the order of
110 —120 km. One might assume that the uncertainty
both in the initial data and in the premises of the the-
ory is so great that no particular significance should
be attached to this coincidence. However, order-of-
magnitude estimates of the inhomogeneities by simpler
means, carried out by some authors (Collins and For-
syth6 4 by investigating fading in separated receivers,
McNamara7 5 and Kaiser 4 1 by taking account of devia-
tions from the angle of specular reflection), although
differing from the values given by Booker, remain
within the same order of magnitude. Ya. L. Al'pert,7 7

in an analysis of the results of Bailey et al., also e s -
timates the dimensions of the inhomogeneities in the
lower ionosphere at approximately 5 — 8 meters . Ap-
parently the vertical dimension of the auroral inhomo-
geneities should actually not be greater than about 10
meters, and accordingly the average transverse di-
mensions of the inhomogeneities are on the order of
a meter.

The Booker scheme is open to criticism in many
respects. Thus, for example, Booker assumes some-
what arbitrarily an electron concentration in the in-
homogeneities on the order of № 106 cm" 3 . Taking
account of the strength of the reflected signal and the
probable dimensions of the scattering region, he ob-
tains for the mean square of the fluctuations a value
(AN/N)2 = 10~7 — 10"G. Al'pert's calculations7 7 for
conditions of a much less distrubed ionosphere lead
to values that are two or three orders of magnitude
greater. Booker uses as a spatial characteristic of
the turbulence an autocorrelation function of the form

(18)

where L is the turbulence scale and r the distance
between two points. The reasons for choosing p r e -
cisely this function are not stated in Booker's article
(see references 77 and 83). For all this, the great
merit of Booker's work in the interpretation of the
observed radio reflections from polar aurorae is the
attempt to advance from qualitative and physically
vague estimates to a quantitative evaluation of the r e -
sults of the observations. Perhaps not all of Booker's
original premises may prove to be true; it is possible
that the anisotropic turbulence alone is not sufficient

to explain the anisotropy in the ionization in the polar
regions. But the existence of even a tentative working
hypothesis is useful in stimulating research and the
subsequent development of more correct ideas of the
specific nature of the phenomenon.

To conclude this section, devoted to attempts at
interpreting radar observations of polar aurorae, it is
useful to dwell on a comparison of the results with
certain optical data. The latter, which yield extensive
data on the excitation processes in polar aurorae, will
yield in some cases definite information on the ioniza-
tion, too. The reliability and unambiguity of these data
is directly dependent, naturally, on the degree of cor-
relation of the two phenomena. As already noted, this
correlation is not subject to doubt on a large space-
time scale, but is very unreliable in details.

Let us mention two optical investigations pertaining
to the question of interest to us.

Photometry of the emission from the ionized nitro-
gen molecule in polar aurorae (the first negative sys-
tem N2

+, transition В2П — X2S) leads to sufficiently
reliable estimates of both the average intensity and
the maximum values that correspond to very bright
aurorae. On the basis of spectroscopic data by Vegarde
and Kvifte,84 Seaton85 assumes an average value of 5
x Ю1 1 photons per second for the emission of photons
from the zero band (A. = 3914 A) of this system, in a
column of atmosphere of 1 cm2 cross section. Then
the total photon emission when all bands of the nega-
tive system N2

+ are excited, should be estimated at
approximately twice the Л. 3914 and five times the
Л 4278 emission. If it is true that the N2

+ molecules
are excited in polar aurorae directly, in a single act
together with the ionization of the N2 molecule, then
the number of emitted photons should be not less than
the number of produced electrons.

The equation
dN
-̂ - = aT,(N-)-arecJV* (19)

can be used to estimate N — the electron concentra-
tion [ here r\ (N2

+) denotes the number of photons in
the system В2П — X2S, emitted in one cm 3 of the glow-
ing auroral volume, proportional to the number of elec-
trons formed there; a is a proportionality coefficient
and a r e c is the recombination coefficient]. Putting
dN/dt = 0 and a r e c = Ю"8 cm 3/sec, we can find N,
for which we must also know a and JJ (N2

+). If П (N2

+)
is the total photon emission per second from the В2П
—X2S system in a 1-cm2 column, then

where I is the vertical dimension of the glow volume.
Taking sensible values for a and I (a > 1, I = 1 km),
Seaton obtains for the electron density a value N >: 2
x 107 cm" 3 . The result agrees with the estimates of
the electron density based on the assumption of cr i t i-
cal (total) reflection of radar signals.
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Just the opposite is concluded by Omholt.86 He uses
the following photometric data (which do not differ
greatly from those of Seaton) for the A. 4278 emission
of the first negative system of nitrogen, namely (2 —10)
x 1010 photons per second in a 1-cm2 atmosphere col-
umn for moderate and strong aurorae, and approxi-
mately 4 x 1011 photons for the aurorae of maximum
strength. In simultaneous observations of the critical
frequency of the reflections from the " a u r o r a l " spo-
radic E a layer and of the intensity of the \ 4278 emis-
sion of Щ, Omholt obtained a rather good correlation
between the two. Since the interval of the critical fre-
quencies in vertical reflections range in these meas-
urements from 4 to 9 Me, Omholt assumes for the
" a u r o r a l " ionization probable values from 2 x Ю5 to
10 x 10s cm" 3 , and on this basis he gives preference
to the mechanism of partial reflection.

CONCLUSION

We have considered the experimental data obtained
in observations of radio reflections from polar aurorae
at UHF frequencies, and attempts at interpretations of
these data. The greater part of the observational ma-
terial obtained to date was obtained by means of rela-
tively simple radar apparatus and techniques. These
were used to explain certain main regularities of the
phenomenon, and to determine its connection with other
geophysical processes at high latitudes. The establish-
ment of more accurate characteristics and physical
parameters entails considerable difficulties with the ex-
isting (more accurately, with the employed) techniques.
The obvious need for obtaining more accurate and
more detailed information makes it advisable to em-
ploy at present more specialized procedures in these
investigations and more highly perfected apparatus, to
increase the directivity of antennas, to increase the
sensitivity of the receivers, to vary the distance be-
tween the transmitting and receiving points, etc.

As in any other field of physical experimentation,
the observations become most valuable if they are
explained by means of a sufficiently clear theory or
a suitable working hypothesis, ш radio investigations
of the polar aurora, during the first stages of disclos-
ure of the general regularities, the leading theory was
the geometrical reflection scheme of Chapman. At the
present time, in processing the ever increasing vol-
ume of data, a need is felt for a theory which would
interpret physically the picture of radio wave reflec-
tion from regions of anomalous, increased ionization
in the polar regions. With completion of the IGY, the
number of stations carrying out research on radio r e -
flections from polar aurorae has been reduced some-
what. But this can be compensated for by using new
apparatus and more flexible specialized procedures
in the remaining stations. Both geophysics and the
practice of ionospheric service at high latitudes have
already gained much use from these observations.
Their development and improvement, as well as the
use of the data already accumulated, should obviously

contribute to a better understanding of the varied in-
terrelated processes that abound in the upper layers
of the atmosphere at high latitudes.

Note added in proof. Publication of materials on the radio ob-
servation of polar aurorae, and particularly of the results of IGY,
is proceeding presently at a rapid rate. Being unable to include
most of the new papers published after the writing of this article
in the cited bibliography, we consider it useful to refer our readers
to the journals J. Geophys. Res. 65, No. 8, August 1960 and to J.
Atmos. Terr. Phys. 19, No. 1, September 1960, which contain be-
tween them five original papers on this subject. A survey article
has also been written by Booker for the book "Physics of the
Upper Atmosphere" 0- A. Ratcliffe, editor, London, 1960). Note-
worthy in this article is Booker's remark on the variation of the
character of back scatter with height, deduced from certain new
observations. Booker proposes that it may be necessary to take
this theoretically into account by further refinement of the type
of the autocorrelation function. It should be pointed out, inciden-
tally, that the original Booker-Gordon theory made use of an auto-
correlation function other than the Gaussian one later employed
by Booker. The errors connected with the use of a non-Gaussian
function are pointed out by Al'pert in the article referred to in
our survey.
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