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ABSTRACT

The aim of this study was to determine the effects of direct
scatter from field aligned E- and F-layer irregularitics, FAE(E)
and FAE(F) respectively, as well as scatter from intense Eg
clouds on the 19.4 MHz oblique backscatter signal propagating
via the F layer (1F echo). It was found that the direct scatter
from field aligned irregularities was weak in nature so that the
1F echo remained unaffected. 1In fact the presence of the 1F
echo was often required to produce FAE(F). The Eg clouds which
were frequently observed during the summer were also found to
be non:blanketing so the Eg reflected echo and the 1F echo could
exist simultaneously. However, it was found that the 1F echo
was a very sensitive function of F-region parameters and was
thus affected by both the seasonal and evening anomalies in F2
ionization at these latitudes. In addition, the changing magnetic
declination to the east and west of the station was responsible
for an asymmetry in the percentage of the time that the 1F echo
was observed by the radar in these general directions.

Finally, the observed occurrence statistics of FAE(E) and
FAE(F) presented in Scientific Report No. 1 are discussed in
the context of current theories for the formation of these

irregularities. A
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INTRODUCTION

The object of this study was to determine the effect of the
sub-auroral ionospherc on the propag.-cion of IIF signals. The
results of an earlier study (Basu and Vesprini, 1972, hereafter
to be referred to as Report 1) have shown that the ionosphere
at these latitudes is far from uniform with field aligned
electron density irrcgularities existing in the L and F region
for a fair percentage of the time. Thus, scattering by these
field aligned irregularities may cause a diminution or cut-off
of the F-region propagated HF signal. Reflection from ° tense
mid-latitude sporadic E may also have a blankcting effect on
HF propagation. Both these factors are considered in this
study. In addition to magnetic storm effects the quiet time
F region itself is known to exhibit various anomalies such as
the evening anomaly and seasonal anomaly in the peak electron
concentration of the F2 layer. We have attempted to study the
effects of these anomalies on F-layer propagation. Another
important parameter which may affect oblique lIF propagation is
the D-region absorption particularly during magnetic storms.
liowever, no attempt has been made to include absorption cffects
in this study.

A brief review of current theories for the formation of
field aligned irregularities has been presented and the observed
statistical occurrence characteristics of these irregularities

are discussed in the light of the recently developed physical

concepts.
EQUIPMENT AND DATA REDUCTION
The data for this study were obtained from film records of

a continuous series of 19.39 Milz oblique backscatter observations
made at Plum Island, MA (42.63°N, 70.82°W and 56° invariant
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magnetic latitude) during 1961-65. The data acquisition system
as well as the general methods of data reduction have been

reported in detail in Report 1.

NOMENCLATURE AND IDENTIFICATION OF ECHOES

The backscatter records, in general, showed three main
classes of echoes in the northern quadrants:

i) Ground backscatter echoes propagated via sporadic E
reflection
ii) Ground backscatter echoes propagatea via F-region
reflection

iii) Direct backscatter from aspect sensitive field
aligned irregularities in the E and F layer and
which have been designated as FAE(E) and FAE(F)
respectively in Report 1.

Since there is considerable confusion in the literature
(Croft, 1972) regarding the nomenclature of the various phenomena
observed in conjunction with HF propagation, we shall briefly
summarize the various terms used in this report to describe the
above echoes.

The term Eg propagation will be specifically used for
propagation of signals reflected by an Eg layer and then scattered
by the ground so that the signal retraces its path to the
transmitter. It was determined that these diffuse echoes which
were obtained at delays of 8-10 msec in the northern quadrants
could not be direct returns from the auroral E layer as the
antenna system used for this study discriminates against the
very low elevation angles (0-1 degree) that would be required
to obtain such delays for direct backscatter from the E layer.

A similar point has been made by Egan and Peterson (1962). More
definite evidence that the Eg propagation is actually a reflection
from Eg ionization is presented in the next section. Again, it



is not possible for these diffuse echoes to be one-hop F-region
propagated groundscatter cechoes (to be rcferred to as 1lF echoes);
at a frequency of 19.4 MHz 1F echoes occur at much greater delays.
Indeed the daytime LEg echoes are usually accompanied by 1F and
sometimes 2F echoecs at appropriately greater delays. Besides,
the continuous opecration of the sounder makes it possible to
follow the regular diurnal pattern of 1F echoes as they develop
in the morning and decay after sunset. The Eg echoes on the
other hand, are, as their name implies, rather sporadic in

nature and are observed for periods of a fraction of an hour to

a few hours.

The aspect sensitive field aligned echoes such as those
obscrved by Peterson et al (1955) showed up as much sharper
well defined traces on the films. They were predominantly
centered in the NW quadrant and were less frequently observed
in the NE. The large beamwidth of the antenna (~45°) precluded
sensitive enough range-elevation displays which could have
determined whether these field aligned echoes were themselves
discrete or diffuse in nature. Such a distinction was made,
among others, by Leadabrand (1961, 1965) working in the VIIF
and U'"HF band with narrow becam radars. Thus in the terminology
of the IAGA, 1968 classification (Sverdlov, 1971), we cannot
distinguish between By, By and B3 types of radio aurora. In
addition since somec of the aspect sensitive echoes are
obtained during periods of magnetic calm and hence could not
be directly related to auroral disturbances at the latitude
(~60° invariant) of sounding, it was decided to rcfer to them

aenerally as FAE's rather than radio aurora.

Lg PROPAGATION
The occurrcnce characteristics of Eg propagation in the NW
and NE over the five year period of observation are presented in

Figures 1 and 2 for quiet magnetic conditions. There is no




systematic variation of Eg propagation from one year to another
or from one quadrant to another. The only prominent feature is
the presence of Lg propagation during the summer months (May
through August) of each year. The diurnal variation during
these months shows a morning and an evening peek of occurrence.
The evening peak is usually the more intense one when Eg
propagation is observed for as much as 50 per cent of the time.
Some occurrence is seen during the winter months in the evening
hours, but it is usually present for less th:n 10 per cent of
the time.

The diurnal variation of the occurrence of Eg propagation
over the five years of observation for the NW during quiet
magnetic periods is also shown in Figure 3. As in Figure 1,
we see the two diurnal peaks of occurrence with the largest
peak occurring in the evening. The occurrence of Eg propagation
during magnetic storms is too infrequent for any statistical
conclusions to be drawn. This could be due to an actual decrease
of Eq occurrence during storms, as has been reported by various
authors, as well as increased D-region absorption during storms
which could cut off oblique Eg propagation since four traversals
of the absorbing lower ionosphere are required.

To determine whether this particular type of propagation
is indeed a reflection from Eg clouds to the north of the
station, fEg occurrence contours from Ottawa were studied. The
ionosonde station at Ottawa is very well suited for a comparison
of this kind being situated at a slant range of approximately
540 km (E-layer height) at an azimuth of 330° to the observing
station. Most of the median delays for the Egq type propagation
correspond to such slant ranges for the Eg clouds. On a range-
elevation display, these slant ranges correspond to elevation
angles of 8 to 10°. Thus maximum vertical frequencies of
approximately 4.5 to 5 MHz for the E4 clouds should be able
to reflect the observing frequency. Figure 4 shows percentage
occurrence contours of fEg 2 5 MHz as observed at Ottawa for
the years 1961-65. The data for these contours were obtained



from the monti'y bulletins of ionospheric data published by the
Defence Research Telccommunications Establishment, Ottawa,
Canada. The remarkable similarity of Figures 1 and 4 provides
convincing cvidence for Lg type propagation observed by the
oblique backscatter radar. The diurnal variation of vertical
Egs occurrence at Ottawa (Figure 4) shows the same pattern as
that derived from the oblique Lg propagation (Figure 1). It
should be pointed out that Figure 4 represents data taken on
all days at Ottawa without discriminating between quie: and
disturbed days. However a separate study of the Ottawa [g data
indicated that magnetically disturbed periods showed less FEg
activity, a fact that had been known carlier and has also bheen
confirmed recently (Whitehead, 1970; Closs, 1971). Hence,
Figure 3 generally represents quiet conditions. The exceptionally
good statistical agreement between Figures 1 and 4 shows that
during periods of quiet magnetic conditions absorption of the
oblique rays in the D layer is not strong enough to cut off

Lg¢ propagation.

To prove that the statistical agreement referred to above,
is also borne out on a one-to-one basis, the occurrence of Eg
proparation was correlated with the presence of Lg in the
vertical ionosonde data from Ottawa on an hourly basis for a
particular month, namely June, 1961. The results show that if
fbg 2 4 Miz at Ottawa, then the Lg propagation is observed
80 percent of that time. Considering that the observations
were made only once every hour at Ottawa and the oblique sounder

was operating continuously, this is a remarkably good correlation.

4.1. Correlation of FAE(E) and Eg Propagation.

The total occurrence statistics of FAE(E) during quiet
magnetic periods over the years 1961-65, presented earlier in
Report 1, are reproduced in Figure 5 for comparison with the Eg

propagation occurrence, particularly from the NW quadrant. It
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should be noted that the time scale is different in Figures 1

and 5. Keeping this in mind, we find that the definite summer
evening maximum in FAE(E) is correlated extremely well with the
evening maximum of both Eg propagation and fEg at Ottawa. The
other diurnal pecak in Lg during the pre-noon hours has no
accompanying FAE(E) activity at all. We shall attempt to
reconcile these two points in the Discussion. The high associa-
tion of Eq with FAE(E) during evening hours is further shown in
Figure 6, which represents the percent occurrence of E; associated
FAE(E) from the NW for the five years of observation during quiet
magnetic periods. During 2000 to 0300 hours Eg propagation is
accompanied a'most 50 percent of the time by FAE(E).

The occurrence of FAE(E) during magnetically disturbed
periods (Kg, 4-9) is statistically insignificant for presenta-
tion in the form of contour diagrams as in Figure 5. Instead,
this occurrence is presented in the form of average seasonal
histograms over the five years of observation, as in Figure 7.
The average seasonal behavior for very quiet (Kgy 0,1) and
moderate conditions (Kg, 2,3) is also shown for comparison.

These seasonal groupings are somewhat different from those
presented in Report 1 and are found to be more meaningful in

terms of occurrence statistics of E;. The predominant summer
nighttimc maximum, weak secondary maximum in winter, and very

low occurrence in the equinoctial months is apparent during

both the very quiet and the moderately disturbed magnetic periods.
The occurrcnce pattern of FAE(E) changes drastically when the
mapgnetic field is severely disturbed. During this time,

virtually all seasonal differences are wiped out and considerable
FAE(E) activity is seen during the daytime. Thus there seems

to be a threshold effect for the effects of magnetic disturbances
on the formation of field aligned irregularities at E-layer
heights. We shall comment on this point further in the Discussion.

11
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F-LAYER PROPACGATION

The F-layver gpround backscatter echoes or 1F echoes form a
large fraction of the total data recorded. The echoes obhtained
at southern azimuths were stronger and more numerous. However,
as pointed out earlier, we shall restrict ourselves to echoes
obtained from the north. The greater majority of thesc was
ohtained at delays of 16-18 msec whichcorresponds to ground
scattering distances of 2400-2700 km. The percentage occurrence
contours of this typc of ccho during magnetically quiet periods
are presented in Figures 8 and 9 for the NW and NE respectively.
Though the occurrence of ground scatter is appreciably greater
in the NE, both diagrams show a very marked solar cycle
dependence. Another significant factor in both is the absence
of daytime ground backscatter during the summer months - the
backscatter appears much later in the day during the afternoon

hours in the NE and sven later around 1800 hours, in the NW,

5.1. Effect of Eg on F-layer propagation

As stated in the Introduction, it was our object to
investipgate the effects of blanketing, if any, caused by the
intensc sporadic-E clouds present so consistently during the
summer on F-laycer backscatter. A quick comparison of Figures
4 and 8 seems to indicate that absence of daytime ground
backscatter during the summer may be caused by the presence
of Lg. lowever, a closer look shows that the evening
occurrence of F-layer propagation during thi; season coincides
almost exactly with the evening maximum of Eg occurrence. Thus
the daytime absence of F-layer echoes cannot be attributed to
the presence of Eg, and we have to look for changes in the
F-region parameters themselves for an explanation. It is
our conclusion, therefore, that Eg at sub-auroral latitudes
does not causc blanketing effects on the 1F mode of propagation.
Bates (1969) came to a similar conclusion regarding the 1F mode

sipnal after examining simultancous records of !IF backscatter

12



at College and the Thule-to-College forward oblique propagation
in the auroral zone. In the absence of any amplitude records,

we could not determine whether the presence of Lg causes any
fall-off in the echo intensity. However, since F-layer
propagation with this low power system could exist simultaneously
with the rather intense evening Eg maximum, our tentative con-
clusion is that it does not cause any appreciable loss of

intensity.

5.2. Effect of direct ionospheric scatter on F-layer propagation.

We have seen in Section 4 of this Report that direct
ionospheric scatter from the E region, FAE(E), is highly
correlated with the presence of Eg propagation. This lends
support to the theory of weak scatter, developed by Booker
(1956), in which he postulated that only a small fraction of
the incident energy is scattered back towards the radar by the
field aligned irregularities which provide discontinuities in
the dielectric constant. Again, in the previous sectinn we
have seen that the Eg clouds themselves are of the non-blanketing
type. At these latitudes sufficient refraction must be present
in the underlying lavers to produce aspect sensitivity at
F-layer heights. Looking north from the Plum Island radar,
the magnetic field direction is so nearly vertical that aspect
sensitivity requirements are met close to the reflection level,
i.e., when the ray travels horizontally. Thus the existence
of the 1F mode becomes an almost necessary condition for the
occurrence of direct scatter from the F layer. If the direct
scatter and 1F mode echoes occur simultaneously, we can assume
that the direct scatter is rather weak. The occurrence of
direct scatter is further dependent on another crucial factor,
namely, the presence of field aligned irregularities at the
latitude of interest at that particular local time.

To study the simultaneous occurrence of the 1F mode of
propagation and FAE(F) we constructed Figure 10. This diagram

shows the diurnal variation of the occurrence of the F-layer

13
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eccho over 5 years of observation as well as thc percentage of
the time that FAE(F) accompanied the F-layer ccho. Figure 10
shows that the hours of greatest F-layer echo occurrence are
accompanied by a negligible percentage of FAL(F), whereas the
cvening hours with rapidly tapering 1F echo occurrence are
those which are accompanied by FAE(F) for 25 io 50 percent of
the time. This diurnal variation duriny quiet times can be
immediately explained in terms of the irregularity region
obtained from scintillation measurements as shown in Figure 11
(Aarons and Allen, 1971) which shows that the low latitude
scintillation boundary approaches 60° invariant at 1700 hours
local time. This is precisely the time beyond which an
appreciable FAE(F) activity is observed. Thus if irregularities
are present, then it is possible to have simultaneous FAE(F)
and 1F echoes.

During disturbed times the equatorward scintillation
boundary is found to move southwards. Thus it is quite
possible from boundary concepts to expect irregularities and
hence FAE(F) activity. Figure 12 shows the diurnal variation
of hours of 1F echo as well as the precentage of the time that
this 1F echo was accormpanicd by FAE(F). That the FAL(F) is
present simultaneously for 30 percent of the time the 1F echo
is prescent proves that direcct scatter from the F-region
irregularities is weak in nature and the limiting factor in
Figure 10 was the absence of irregularities. Comparing
Figures 10 and 12 and noting that the number of Kgp4-9 samples
is only 10% of the number of Kpp0-3 samples, we find a
tremendous increase of FAE(F) activity during magnetic storms
in the hours when F-layer propagation is simultaneously present.

For the sake of complctencss, as well as a one-to-one
comrarison with Figure 8, we have reproduced trom Report 1 the
FAE(F) occurrence contours obtained over the 5 years of observa-
tion in the NW quadrant during quiet times in Figure 13. The
sunset peak of occurrence and solar cycle dependence is very

clearly displayed. The diurnal, seasonal, and magnetic effects

14



are also very clearly depicted in Figure 14. It is interesting
to note the increase of echo occurrence with increasing
magnetic index in each season excepting the summer. The
explanation for this is the generally observed fact that
summer magnetic storms at midlatitudes are usually accompanied
by a decrease of f,F2, whereas the opposite is the case in
winter (Matsushita, 1959; Maeda and Sato, 1959). Although
Figure 14 generally shows increase of FAE(F) with each range
of magnetic index, an earlier study (Report 1) showed that
FAE(F) increased monotonically with Kg, until Kg,.=4 and then
decreased thereafter, attaining complete cut off for Kp,27.
The complete cut off for Kpp®7 shows that severe magnetic
storms in any season are accompanied by a decrease in fyF2 at
these latitudes as is the case at high latitude stations for
even moderate storms. In contrast FAE(E) showed uniformly
high activity for Kgpr ranging from 6 to 9. These results are
reproduced in Figure 15.

It is our conclusion that direct ionospheric scatter does
not affect F-layer propagation. Rather, F-layer propagation
is often required to produce FAE(F) at locations where direct
orthogonality between the ray-path from the radar and the
geomagnetic field is not achieved for straight lire propagation.

5.3. Effect of varying F-region parameters on 1F propagation.
It was pointed out previously that the disappearance of
F-layer propagated echoes during the summer, as shown in
Figures 8 and 9, was probably caused by the seasonal variation
of the F-region parameters and not due to blanketing effects
of Eq ionization. The two most important parameters affecting
F-layer propagation are its critical frequency f,F2, and the
true height of maximum ionization h F2. However, the true
height analysis of ionograms is not carried out on a routine
basis and hence the maximum usable frequency factor of the
F2 layer for a distance of 3000 km, M(3000)F2, was used to

obtain relative variation of the truc height between one time

15



and another. It has been shown by Shimazaki (1955) that

for most clcctron density profiles the height of the maximum
electron density is approximated by hpF2=l490/M(3000)F2 - 176.
Thus the variation of M(3000)F2 indicates the trend in the
variation of hpFZ - the lower values of M(3000)F2 corresponding
to higher valucs of hpFZ and vice-versa.

The ionosonde stations to the NW and NE of Plum Island
are Winnipeg (49.9°N, 97.4°W) and St. John's (47.6°N, 52.7°W),
respectively, and their data are considerecd to represent
ionospheric F2-layer conditions in these two directions.

Hence contours of the monthly median foF2 and hpF2, calculated
from the M(3000)F2 factor by Shimazaki's relation, were drawn
for both stations using DRTE(Ottawa) Canadian data books.
These are shown in Figures 16 through 19. Systematic differ-
ences are found between the foF2 contours of the two quadrants -
the median critical frequency to the NE always being higher
than that of the NW at a particular hour, usually by at least
0.5 MHz. This higher critical frequency is responsible for
the higher percentage of the time that F-layer propagation

is prescnt to the NE. Looking at the hpFZ contours we find
that the summer daytime values are the highest of any season
in addition to being accompanied by the lowest values of fyF2.
This particular combination of high hpFZ and low f,F2 is
responsible for the disappearance of F-layer propagation in
the daytime. lHowever, it reappears in the evening when the
foF2 is higher and the hpFZ is lower. The solar cycle
variation is  manifested by a decrease of hpFZ from 1961 to
1964. lowever, this favorable trend is more than compensated
for by an accelerated decrease of f,F2 with the declining
solar cycle, so that we observe a general decrease of F-layer
propagation. A separate empirical study is underway to
determine particular combinations of f,F2 and hpFZ which will
yield the observed percentage of F-layer propagation.

We thus cconclude that the F-region parameters themselves

arec crucial in dctermining the extent of F-layer propagation,

16



We have observed that in a particular quadrant the F-layer
propagation varies with time of day, season, and sunspot number.
This is largely dictated by the variable shape of the fgF2 vs.
time curves as a function of season. We find from Figure 16
that the winter f,F2 vs. time curves show a single midday
maximum which is greater than the f,F2 at any other season.
This is the seasonal anomaly. The summer and equinox months
on the other hand show an evening peak which is usually greater
than the midday value. This is generally referred to as the
evening anomaly. Strobel and McElroy (1970) made computations
for a latitude of 43°N under sunspot minimum conditions and
found that most of the seasonal variations as well as the
evening anomaly could be explained by altering the atmospheric
composition, specifically that of 0/02, keeping the aggregate
oxygen mass constant, at a base level of 120 km. Thus,
contrary to general expectations, neutral winds are not the
direct cause of the seasonal anomaly (Rishbeth, 1968).

Neutral winds, however, are largely responsible for the
other noteworthy feature that has emerged from these observa-
tions, namely, the greatly enhanced F-layer propagation in
the NE as compared with the NW. The two ionosonde stations
chosen to represent conditions in these general directions
arec St. John's (NE) and Winnipeg (NW). These stations, though
similar in latitude, differ in magnetic declination. St. John's
has the rather large westcrly declination of 27°W whereas
Winnipeg has a declination of 10°C. The diffcrence in F2-layer
behavior at places of similar latitude but opposite declination
has been discussed in a recent review on thermospheric winds
by Kishbeth (1972) and also by Kohl et al (1969). These
authors conclude that wind effects can account for the dependence
of the diurnal F2-layer variations on declination, that had
heen suggested previously by Eyrfrig (1963). Thus we find that
factors such as changes in atmospheric composition and neutral

winds indirectly control F-layer propagation.
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GENERAL DISCUSSION ON FORMATION AND OCCURRENCE OF FILLD ALIGNED
IRRECULARITIES

6.1. FAL(E)

The statistical results of the occurrence of FAE(E) in this
study extending over half a solar cycle seem to agree well with
Forsyth's (1969) recent paper on the occurrence of radio aurora
over a full solar cycle. lle finds a consistent summer maximum
throughout the solar cycle. However, the diurnal variation of
radio aurora shows a daytime maximum as opposed to the nighttime
maximum that is observed at Plum Island. It should be noted that
Forsyth's paper was based on forward scatter measurements made
at 40 MHz between a transmitter located at Greenwood and receiver
located at Ottawa on an east-west line. As indicated earlier, the
oblique backscatter observations reported in this study sound the
ionospherc over Ottawa for E-region heights. Thus the two sets
of measurements refer to ionospheres at almost the same invariant
latitude, but located possibly a few hundred km apart in the
east-west direction. Referring to the earlier paper by Collins
and Forsyth (1959), it becomes evident that the daytime summer
maximum renorted by Forsyth must be caused by the S-type scatter
(classified as Ay by IAGA, 1968) which is weakly aspect-sensitive
and is not correlated with magnetic disturbances. This type of
irregularity when cxisting at the zenith at Ottawa is reported
as E, and gives rise to the Eg-type propagation that is so con-
sistently observed during the summer daytime under quiet condi-
tions. Forsyth also makes the comment that even if the daytime
occurrenccs are climinated, the summer maximum still remains -

a fact which is adequately borne out by our observations.

The current thinking (Unwin and Knox, 1971) is to explain
radio aurora, i.c., aspect-sensitive high latitude disturbances
strongly related to magnectic storms, in terms of either Farley's
(1963) 'ion-acoustic instability' or the 'drift-gradient
instability' developed by Simon (1963) and lioh (1963). Unwin
and Knox (1971) further show that the Bl or diffuse type of
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radio aurora is probably due to the ion-acoustic instability,
whereas the B2 and B3 (discrete) types are probably due to the
drift-gradient instability. These authors also point out that
the condition for the onset of the latter type of instability
is inversely proportional to the square of the wavelength thus
making an IIF system very sensitive for its detection. An order
of magnitude estimate shows that an electric field of 1 mv/m may
be adequate for causing this kind of instability at HF and this
value is well within the range that can be accounted for by
normal ionospheric winds. Thus the drift gradient instability
could be one of the possible causes for the formation of FAL(E)
during magnetically quiet and moderately disturbed times.
The ion-acoustic instability, on the other hand, requires a
threshold electric field of the order of 30 mv/m even at HF.
It may be reasonable to expect fields of this order at E-region
heights for quite disturved conditions(Kpr>4) at approximately
60° invariant latitude. Thus the FAE(E) observed during strong
disturbances could very well have been caused by this instability
(Gadsden, 1967; Moorcroft, 1972).

Goodwin (1965) found Booker's theory (1965) of scattering
to be adequate for the explanation of his 16 Miliz data and the
same argument may be valid for this 19 Milz data obtained during
quiet times in the presence of non-auroral Es. This non-auroral
Es provides as high a background ionization as do irregularities
occurring in the aurora. These irregularities in electron
density which are elongated along the magnetic field are supposed
to b» randomly distributed, and are caused by atmospheric turbulence.
Pecent measurements of nighttime and twilight wind profiles from
chemical trails have shown that turbulence once initiated maintains
itsclf for 30 percent of the time at altitudes below 110 km
(Rosenburg and Zimmerman, 1972). Booker assumed the blobs of
ionization to bhe gaussoid in form. Later measurements (Chesnut
et al, 1968) have shown that the gaussoid model is not a good one
for representing radio aurora, and it is Bates' view (1969) that
Rooker's scattcring theory is general and does indeed apply in

most cases; rather it is the gaussoid model that does not apply.
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6.2. FAE(F)

The perccntage occurrence contours of FAE(F) show that
during quiet pecriods they are primarily a sunset phenomenon.
During disturbed periods, however, they are found to occur
more frequently in the daytime, in addition to their sunsct
occurrence. It is to be emphasized that their diurnal peak of
occurrence should be interpreted in terms of their aspect
sensitivity requirements which in this case is dependent on
refraction due to underlying ionization. If the probing IiF
radar had been at a somewhat lower geomagnetic latitude,
such as that at Brisbane , the diurnal peak would have occurred
closer to midnight when the irregularities are found to be
most predominant from scintillation measurements (Aarons et al,
1969). Such were indeed the findings with a 16 Mliz radar
situated at Brisbane (Matthew, 1961). This led Bates (1969)
to suggest that statistical studies of any given type of echo
(e.g., E-scatter of F-scatter) are not too meaningful because
the same scattering region gives different answers when
viewed from different locations. Ilowever, it is quite correct
to suggest that near-sunset conditions are conducive to the
formation of field aligned irregularities in the mid-latitude
ionosphere, whereas during the daytime, conditions are
relatively unfavorable. Bates (1971) has shown that slant-F
echoes were seen on a one-to-one basis whenever the vertical
incidence F-layer traces were spread at College. At that
station, which is well within the auroral oval, these slant-F
echoes were present much of the time between roughly 1600 and
0600 LT. Slant-F echoes were, however, ohbserved only occasion-
ally at Palo Alto, California during 1964. Plum Island, being
at an intermediate latitude, should show intermediate occur-
rence. Bates comes to the conclusion that the slant-F echoes
arec produced by highly aspect-sensitive backscatter from field
aligned irregularities in the F layer. It is thus quite rcason-

able to assume that the oblique backscatter sounder will show
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FAE(F) activity when sprcad-F conditions are reported by

relevant ionosondes. Positive correlations between spread-F

and FAE(F) were reported by various authors (llerman, 1966 and
various authors quoted therein). lowever most authors also
report the presence of spread-F without corresponding FAE(F)
activity, thus showing that the vertical ionosonde is a more
sensitive detector of irregularities than a backscatter

sounder (Au, 1970). Bates (1971) and Au(l1970) found sufficiently
good agreeméht between the existence of irregularities producing
FAL(F) and the scintillation boundary (Aarons, et al, 1969) to
invoke the same mechanism for the formation of the irregularities.
Very recently Kelley and Mozer (1971) have found evidence of
turbulent electrostatic fields whose daytime and nighttime
equatorward boundary agree extremely well with that determined

by Aarons and Allen (1971). Kelley and Mozer were making in situ
low frequency vector electric field measurements from orbitting
satellites at a height of 400 km. It is intercsting to note

that these signals showed significant peaks when the spacecraft
was in the statistical auroral oval as defined by Fcldstein (1966).
Kelley and Mozer quote a peak intensity at 12 liertz of 1 mv/m -
hertz'’, llowever, without knowing the spectral characteristics
over the entirc bandwidth it is difficult to compare this value
with other quoted dc field measurements.

The cxistence of electrostatic fields and plasma density
gradients in the ionosphere are known to give rise to a unique
type of instability known alternatively as 'cross-field
instability' or 'drift-gradient instability' which can result
in the growth of ionization density irregularities that are
aligned along the earth's magnetic field. It will hec recalled
that this type of instability has been invoked for the explana-
tion of the B2 and B3 types of radio aurora at E-layer heights
(Unwin and Knox, 1971). Reid (1968) considered the formation
of field aligned irregularities in the F-region due to this
mechanism and Au(1970) later extended his calculations for a

station at the dip pole. From these calculations, it is evident
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that the dynamo region of the ionosphere is quite likely to

be unstable in the presence of moderate clectric fields to the
growth of irregularities with scale sizes in the range from

a few tens of meters to a few kilometers. Conduction of the
small-scale clectrostatic fields associated with this instability
up the magnetic field lines can give rise to the growth of
irregularities of corresponding scale sizes in the F-region.
However, the theory is still on a rather tentative footing and

no rigorous theory of formation of field aligned echoes seems

to have yet been formulated.

6.3. Conclusions

While the physics of the origin of the irregularities are
in the process of being developed, the morphology of the
irregularity region is clear. Irregularities exist in the
region hatched in Figure 11. With the acceptance of this model,
the peometry of the probing radar becomes the all important
factor with the propagation angle and the local ionospheric
paramcters forming the basis for the occurrence statistics.
Knowledge of the diurnal pattern of the irregularity region,
and the intensity within the irregularities across the auroral
zonc and the polar cap is being expanided by high latitude
obscrvations as well as by observations near the scintillation
boundary. With statistics such as shown in this paper,
it should be possible, given the morphology and the height
and critical frequency of the F2 layer, to work out occurrence

statistics tor field aligned cchoes in the F region.

22



€- 0" ¥O4 LNVYOVNO MN 3HL NI NOILYOVIOUd $3 40 SHNOLNOD IIN3NUNIIO0 39VINIOHId | 'Ol4

10
20

c 88233

5961

o6l

96l

oznmdn1I1Iu1=Inm1qﬁliluﬂnlnniawl

96!

ﬁ:jﬂiﬁ/%

| im

£961

2961

1961

r Iﬂmiﬁﬁﬂﬂluwntﬂmtﬂﬁliluﬁ

2961

q.:w_

‘f .?

aNo 1ﬂﬁliluﬁnlamiqﬁiilh1ﬂ:n YPFTHNYR4dPrONOSY D Iilu ONOSYFrINVHNd

1961

TY T )00

110

-&0
4#0
460
90
440
-80
-160
401
SLL
= €l

1

gl
6i

—(183) INIL

23



€-0 Y9y 404 LNVHAVNO 3N IHL NI NOILYOVLONd 53 40 SHNOLNOD 3IINIYENII0 IOVINIIYId "2 93

So6! ¥36| €9€! 961 1961
GNOSY FrrTHMYNSd FrONOSY FPTAYNIPONOSY FTHYNATONCSY PPNYNAPTONOSY PIPRY NS T

Fn

AL i
ONOSY P PTAWYNACTONOSY I FAYN I CONOSY P PHYNIFTONOSY P PTNYNATONOSY P FNYNA T

G96I Lo £96! 2961 1961

00

—(1S3) 3INiL

24



G961-1961 ‘€-0YI% Y04 LNVYAVND MN JHL NI
NOILVOVdOYd 53 40 NOILVIYVA TVYNYNIA IOVYIAV '€ 914

: -—(1S3) 3INIL
ve 8l el 20 00

I I ] L] | _ L] F 1T 1 ] — 1 I T ] T _ T T T T T c

o =<
(@)
C

L &
o

-4 08 m
m
o

m g )
2
o

—402¢lI 2
[}
>

i -
o

4091 <

€-0%dy i
002

25




VMVL10 HO4 ZHW S 2 53 40 SHNOLNOD 3IINIYHNIOO0 3IOVINION3d b “9i4

G96! 961 £961 296l 1964
ONOSVFITNVYNITONOSYIPTNYNIPONOSY FPANYNIPONOSVYIrPTAYNIPONOSY PINYINAF

I——_qd _I--..-—Wﬂﬂl—.—aﬂ“ﬂ'q-u&-—q_____q.-._u TrTrrrrorrrr TTrT 7y
o ﬁ._ k ¥
s

AT
S

ONOSYF"NVYNJIrTONOSY FPNYNIPONOSY PTAYNAPONOSY FPTAYMA TONOSY P PNV NP
961 o6l £96! 296I 1961

E — )
Iy 1 i

5883388

~— (1S3) 3NIL
26



€-0 ¥4y ¥04 (3)3vd 40 SUNOLNOD IIN3HYNIIO 39VIN3OH3Id 'S ‘914

$96! »96!1 €961 2961 1961

ONOSVYFFPNVYNITrONOSY P FNYNILANOS Y FRYNIPONOSYVI T NYNILONOSYF P NYNIP

-

-

(.
g@,

D

qudqaq-qqu—qd--ﬂ--1—---—d‘--—---—-w--<_--_-..—_-nq-.-.

b-.—F-----b_b_h—;——-._-—b-_-\—~——-——-—_———-h-__.._...L... 21

i

1
9

4 8
61
102
12

q€2
=¥
410
20

*0
S0

L0

<+— (183) INIL

27



G96! - 1961 ‘ €-0Y%4% Y04 LNIS3¥d S| NOILYOVLONd
$3 N3IHM (3)3v4 40 NOILVI¥YA T¥NYNIQ IOVYIAV 9 "9id

— (1S3) 3NIl
ve 81 2l 90 00
T T T 1 T 1 17 T 7 T 1710
— 1
402z 8
(@)
c
1 )
)
m
=2
40t M
=
,lll.\l—.l, - w
m
409 ~
m
¢-0 Yy i =
08

28



'G9 -1961 *3)% 40 S3ONVY

SNOIYVA HO4 (3)3V4 40 NOILVIMVA TVNOSV3S 39VH3IAV L 9id

1S3
ve 8l 2l 9 0 2 8l el 9 0 2 Bl el 9 0
(AR UM A SN CVMAMAM A R S S MU | MAMAMMALM MAMMMALMMAMMIM MASIALMA' R ARa R aa nanaas Ll ns aaanis s naad aanansns ooyt o)
| B e A
. . {01
4 = 102
6-» Jdx i g-2 4y 1-0 *4y 4
HILNIM | HILNIM g HILNIM Jog
3N SI1 HNOH 40 3TVH ANOJ3S
MN SI ¥NOH 40 4TVH LSHId
MMM MMM MALMAMARAS MRS SA AR B | (M ARSARAAS A RE RA RS AR AR RI RARARE RS REATRaRaRR Rzl
.... — " oo TN IJE._-—-_.—._‘ rﬁ,ﬂ;_.:lo
. . Joz
6-» dy i g-2 4y i 1-0 4y
yInnns i y3Innns i y3nnns uo ¢
NOLLYOVdONd $3 8 3v4 []
vd ]
friveryvy A AR A LR M A S Rl RAARARALALAS AR R R R s A e R A RS A AR A AN AN RARR AR RR RS RS (T T Ty T T T L T T T T T Y TR
j 7 %ﬂ- Io
43;*:-—“_!:-_”_% — lo—
- = 102
6-¥ '3y €-2 'y ] 1-0 "4y .
XONIND3 4 XONINO3 N XONINO3 Jog

3ON3¥¥NIDO0 LN3D0¥3d

29



€-0 Y3y 4Oo4 INVHAVND MN 3HL NI OHD3 31 40 SHNOLNOD 3INIYHNII0 IOVINION3I4 '8 914

€961 $961 €961 296! 1961
ONOSYV I WYNJF CNOSVITNVINIPONOSY PP NYNIF ONOSVY P PTWYNSPONOSVITWNYNSP
—__q_..h_._a.-_._._..-.._.l.ul_.lq...__.___qm_"-__.—._.._..ﬂq_.___.__ __._—__|_|.-|_|___
T. B
- -
I 1
..._._.__n_.._...—_._.____._.h__._._.....__...._.. _.__.h-._..__._._._.__ .._.____._._...n_..—

ONOSY I TAYN AP ONOSY P PTAYNAr ONOSY PP AYNArONOSY FPHYNAFTONOSY PP Y NS T
96! r96I £961 2961 1961

—(1S3) 3NIL

30



€ - 0 ¥y ¥0o4 INVHAVND 3N 3HL NI OHO3 31 40 SUNOLNOD 3IN3IYYNIIO 3IIVINIOHAL '6 914

10
e0

G961 ¥961 €961 2961 1961
ONOSYPITNYNIFONOSYPITNYNITONOSYIr P NYNIP ONOSYIPPAYNIPONOSYIPNYNATL
ﬂ.—.ﬂ.—..—..—-.—..—..—l.—lﬂ.—.--q—Hu.—n.—.—.—q—qn.-—-—.--_---—.-.——..-—.—.—-.nﬂ—-..—.—.—

o
e
tH
| ow
o
8!
o by

ONOSY I THYNIT ONOSY ITAYNArONOSYFITAYNIrONOSYF PNYNAT ONOSY P FTNYRAT
G96I 36l £961 2961 1961

—(1S3) 3WIL

31



%

(34) 3v4d 30 3ON3YYNIIO

e

Ol

0¢

oF

0Ss

G961- 1961 ‘€-0¥) ¥O4 LN3SI¥d SI OHO3 41 N3IHM JONIHUNIIO
(4)3Vvd4 40 ANV 3ON3Y¥NIO0 OHI3 41 40 NOILVIYVA TYNYNIQ 39VY¥3AV Ol 914

—— (1S3) 3NIL

T

r--------- W — -

s

JINIHHENIIO %
OHJ3 41 40 SMNOH

g£-0%y

OHJ3 41 40 SYNOH

32




(€-0'4) SNOILIANOD JILINOVW 13inND INIYNG
NOI93Y ALINVYINOINYI Y3AVI-4 3HL 40 IN31X3 3HL 40 N¥311vd TVYN¥NIQ N 914

X
020%%%. %
L
asse’e
00‘.4 .

o

£
‘\

*.r

33

T LY RPN

DRy s P T

I PRI




(3)3v4 40 ANV 3ON3HYYNII0 OHI3 41 40 NOILVIMVA TVYNYNIQ IOVHIAVY "2l "9Id

(4)3vd 3IONIHHNII0 %

G961-1961 ‘6-t ¥4 H¥OJ LNIS3IY¥d S| OHI3 41 NIHM IINIHH¥NIJO0

«—— (1S3) 3NIL
8i 2! 90

02

ot |

0s

rll ]

el |

-p 4
JON3IYHNII0 % ====- 6-v -4
OHJ3 31 40 SHNOH

i

ot

ov

0s

09

0L

OHJI3 41 40 SYNOH

34



€-0Y%4% 404 (4)3v4 4O SHNOLNOD 3IINIUYNIIO 3IOVINIIY3IL '€1°9id

<961 ¥96i £961 2961 1961
ONOSYFFPRNYNITANOSY P FNYNIFPONOSY P PNYNIPONOSY P IPNYNIPONOSY LI NYNSP

q--—---—-qqﬂq—q-—-—-qi#J—q--d—--ﬁ—-_-u-‘—--q—-ﬂ-q

ﬁl -

L g

L T

™

T

80

vz

«—— (183) INIL

35



'69- 1961 ‘233 JO SIONVY SNOIMVA ¥O3 (1) 3v4 40 NOILVINVA TVYNOSV3IS 39VHIAY bl 94

v 8l 4 9 (o)
laasaasssnsns AOASREERASAS aaddddiansnd aandasdanaaal

d:. [ o

6-v 'y g
HILNIM

T H

6-v 'dn
YINNNS

L1

il At m I R AL R R Rl R BB R AR R R LR B R B R |
1 ———

XKOMiNG3

183
2 8i 2l 9 0 ¢e 8i 2l 9 0
[aasaiasasatAfadeniiasd s 00NN SAMAARSSN! aaasssnsassnalasnsasasnsaslisstdasasadasasasasasns!
|_ = q_o
.
(o]
02
g-2 “x i1-0 44y
MILNIM B HILNIM Oﬂ

3N SI HNOH 40 4TVH GNOD3S
MN SiI HNOH 40 J4TVH LSYHid

(NAAARAAASAS ARRAAAAAARARRAREARARAS A RAAARARSARAS]

-2 My
U3INNNS

OHO3 419 3vd []
3vs ]

(220 RARARA RS R AAALS AR AR RAASASARRAAS AR AAAS B

7 TSRy —

§-2 My
XONINO3

1

Jé__:f #o
-01
—4 1-0 Yx “_
y3INNNS o¢
[ASSAAAARARSRAARARRARARS AAREASARARRE AEASRARRARAE] o

1-044%
XONINO3

o]}
0¢

Jog

3ON3HYNJJ0 LN3JH3d

36



~ FAE(E)
a0 |-

30 I

20

10

O 1 2 3 45 67 8 9

Krr

6r FAE(F)

PERCENT OCCURRENCE

0 i1 J

¢ I 2 3 456 789
KFr

FIG. 15. FAE(E) AND FAE(F) AS A FUNCTION OF K¢p

37



(€961 "L20 ¥314V VHON3N ) 93dINNIM

$96! t961 £96

HOJd SHNOLNOD %4% NVIG3IW ATHLINOWN "9 'Oid

c961

OZOﬁ(ﬂ—.’C’uﬂ ONOS VIFTRYNIFAONOSYIrrAYNIT DZOM(ﬂﬁS(!uﬁQZOm Vermywiar

% /gﬁ/mf

I-Iu1nlﬂﬂ¢11iilu1nlﬂn-ﬁ1lilu1ﬁlﬂm¢ﬁﬁliluﬂnlﬂm¢1uliluﬁ
961 r36i 961

._._..-I._. ﬂ-_-u._.#_

@C

————
[
o

36! 1961

—(1S3) 3nN1L

38



(€961 100 Y314V VHONIN) 93JINNIM HOJ SHNOLNOD 24(000C)W NVIG3IN ATHINOW 21 914

€961 »961 £961 296} 196
ONOSY FrrPMYNATONOSYIr PFAYN AT ONOSYr FNYR AP ONOSY P P NYN AT ONOSY FIrAYNAD

00 00
0 410
20 {20
£0 €0
¥o »0
$0 4s0
90 |- 490
o 410
80 80
60 460
0 Hoi
" 4n
F =1 Zi
£l -E1l
| ] =il
g1 H ds1
9l —491
Ll 1Ll
8 81
6l H&1
0z Hoz
12 \ o Jiz
22 /// 5 /ﬁ«u
z WA\
o0 RVRITONOSVFT 00

WYNdr
£96I ¥961 £961 296! 1961

39

—(1S3) 3NIL




ONVIONNOIM3IN ‘SNHOPM "1S ¥O03d SHNOLNOD 249 NVIG3IWN ATHINOW "8I ‘914

<961 »961 €961 296! 1961

QROSYIFFAVNIF ONOSY PPNV NITONOSYIPTAYN I ONOSY PP NY WA _NOSVIPNYNIL

T -..-.-_

—-“-q-.ﬂ.ﬁ

-u-__._—..-.-q_.-..-—.n..-._"._..—.-.._._-—-.-—-_.-.- rrra
i £

4 /ﬂwc AU

1 i 1 1 I 1 1 1 1 1

ONOSYF FTAVAIr ONOSY I THYNATONOSY I FAYNAFrONOSY I FTAYAMITONOSYFIAYMAT
S961 #3961 £96! 2961 1961

—(1S3) INLL

40



GONVIANNO4M3N ‘S NHOP ‘1S ¥O0d mm:OPZ.ou %J(000€ )W NVIO3N ATHINON “61 914

NI ITAY AT (%
! Al \ ( W_h
NN (IS Ul
AT N2

ONOSY FrTAVNITONOSY P FNYNAPTONOSYP PTNYNATONOSY P PNYNAPONOSY P IFNYNAT
G961 96| £96! 2961 1961

«—(1S3) 3NIL

41




REFERENCES

Aarons, J., J.P. Mullen, and H.E. Whitney, "The Scintillation
Boundary'", J. Geophys. Res., 74, 884, 1969.

Aarons, J., and R.S. Allen, "Scintillation Boundary during
Quiet and Disturbed Magnetic Conditions",

J. Geophys. Res., 76, 170, 1971,

Au, W.W.L., "The Morphology of Backscatter from F-layer
Field-Aligned Irregularities at Mid- and High-Latitudes
and the Generation of these Irregularities', Research
Report 70/16-35, Contract IIV-3816-0966, Washington
State University, Pullman, Washington, March, 1970.

Basu, Sunanda and R.L. Vesprini, "Field Aligned E- and
F-Layer Bacdkscatter Observations'", Scientific Report 1,
Contract AF19628-71-C-0250, Emmanuel College,

Roston, MA, January, 1972.

Bates, H.F., "HF Propagation Characteristics through
Auroral Ionosphere'', Final Report, SRI Project 7539,
Purchase Order 211-000480-T1926, Stanford Research
Institute, Menlo Park, California, May, 1969.

Bates, lHi.F., "The Aspect Sensitivity of Spread-F Irreg-
ularities', J. Atmosph. Terr. Phys., 33, 111, 1971.

Booker, H.G., "A Theory of Scattering by Non-isotropic
Irregularities with Application to Radar Reflections
from the Aurora", J. Atmos. Terr. Phys., 8, 204, 1956.

Chesnut, W.C., J.C. Hodges, and R.L. Leadabrand, '"Auroral
Backscatter Wavelength Dependence Studies'", Final
Report, SRI Project 5535, Contract AF30(602)-3734,
Stanford Research Institute, Menlo Park, California, 1968.

Closs, R.L., "Sporadic L. and Geomagnetic Activity",

J. Geophys. Res., 76, 7000, 1971,

Collins, C., and P.A. Forsyth, "A Bistatic Radio Investigation
of Auroral lonization'", J. Atmos. Terr. Phys., 13,

315, 1959.

42




Croft, T.A., "Sky-Wave Backscatter; A Means for Observing
Our Environment at Great Distances', Rev. Geophys.
Space Phys., 10, 73, 1972.

Egan, R.D., and A.M. Peterson, 'Backscatter Observations of
Sporadic E" in Ionospheric Sporadic E, Pergamon Press,‘
England, 1962.

Cyrfrig, R.W., "The Cffcct of the Magnetic NDeclination on
the F2 Layer", Annales de Geophysique, 19, 102, 1963.

Farley, D.T., "A Plasma Instability Resulting in Field
Aligned Irregularities in the Ionosphere", J. Geophys.
Res., 68, 6083, 1963.

Feldstein, Y.I., "Peculiarities in the Auroral Distribution
and Magnetic Disturbance Distribution in High
Latitudes Caused by the Asymmetrical Form of the
Magnetosphere', Planet. Space Sci., 14, 121, 1966.

Forsyth, P.A., "The Rate of Occurrence of VHF Radio-Aurora
over an Eleven-Year Period", J. Atmos. Terr. Phys.,

31, 313, 1969.

Gadsden, M., '"On the Association of 'Auroral' Radar Echoes
with the Aurora", Planet. Space Sci., 15, 693, 1967.

Goodwin, G.L., "Some Aspects of Direct Backscatter Echoes
from Sporadic-E", J. Atmos. Terr. Phys., 27, 777, 1965.

Herman, J.R., "Spread F and Ionospheric F-Region Irreg-
ularities', Rev. Geophys., 4, 255, 1966.

Hoh, F.C., "Instability of Penning-Type Discharges",

Phys. Fluids, 6, 1184, 1963.

Kelley, M.C., and F.S. Mozer, "A Satellite Survey of Vector
Electric Fields in the Ionosphere at Frequencies from
10 to 500 Hertz, 1. Isotropic, High Latitude, Low
Frequency Emissions", Space Sciences Laboratory Series 12,
Issue 34, Contract N00014-69-A-0200-1015, December 1971.

Kohl, H., J.W. King, and D. Eccles, "An Explanation of the
Magnetic Declination Effect in the Ionospheric F2-Layer",
J. Atmosph. Terr. Phys., 31, 1011, 1969.

43



Leadabrand, R.L.,"A Note on the Disposition of Auroral
Ionization in Space', J. Geophys. Res., 66, 421, 1961.

Leadabrand, R.L., "Electromagnetic Measurements of Auroras',
in Auroral Phenomenon, Stanford University Press,
U.S.A., 1965.

Maeda, K.I., and T. Sato, "The F-region during Magnetic
Storms', Proc. of the IRE, 47, 232, 1959.

Matsushita, S., "A Study of the Morphology of Ionospheric
Storms', J. Geophys. Res., 64, 305, 1959.

Matthew, E.!l., "Preliminary Survey of Results of Observations

of Field-Aligned Irregularities from Brisbane'",
Scientific Report 4, Contract AF64(500)-9, Radio
Research Station, lUniversity of Queensland, Brisbane,
November, 1961.

Moorcroft, D.R., "Radio-Auroral Aspect Sensitivity and the
Two-Stream Instability", J. Geophys. Res., 77, 765, 1972.

Peterson, A.M,., O0.G. Villard, Jr., R.L. Leadabrand, and
P.B. Gallagher, '"Regularly-Observable Aspect-Sensitive
Radio Reflections from Ionization Aligned with the
Earth's Magnetic Field and Located within the
Ionospheric Layers at Middle Latitudes", J. Geophys.
Res., 60, 497, 1955.

Reid, G.C., "The Formation of Small-Scale Irregularities in
the Ionosphere'", J. Geophys. Res., 73, 1627, 1968.
Rishbeth, H., "On Explaining the Behavior of the Ionospheric

F-repion™, Pev. Geophys., 6, 33, 1968.
Rishheth, H., "Thermospheric Winds and the F-region',
J. Atmosph. Terr. Phys., 34, 1, 1972,
Rosenberg, N.W., and S.P. Zimmerman, "Ionospheric Winds and
Viscous Dissipation’, Radio Science, 75 577, 1972
Shimazaki, T., "World-Wide baily Variations in the Height of
the Maximum Electron bensity in the Ionospheric F2-layer',
J. Rad. Res. Labs, 2, 85, 1955.

Simon, A., "Instability of a Partially Ionized Plasma in
Crossed Llectric and Magnetic Fields", Phys. Fluids,
6, 382, 1963.

44



Strobel, D.F., and M.B. McElroy, '"The F2 layer at Middle
Latitudes'", Planet. Space Sci., 18, 1181, 1970.
Sverdlov, Yu. L., "New Terminology in the Field of Study
of the Effect of Radio Wave Scattering on Auroral
Inhomogeneities", Geomagn. Aeron., 11, 492, 1971.

Unwin, R.S., and F.B. Knox, "The Morphology of VHF Radio
Aurora at Sunspot Ma;imum, 4, Theory", J. Atmos.
Terr. Phys., 30, 25, 1968.

Unwin, R.S., and F.B. Knox, '"Radio Aurora and Electric
Fields'", Radio Science, 6, 1061, 1971.

Whitehead, J.D., '"Production and Prediction of Sporadic E",
Rev. Geophys. Space Phys., 8, 65, 1970.

45



