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13 ABITAACT The research ¢ynducted under this contract was concerned
primarily with HF and VHF obliquebackscatter observations,
made at Plum Island MA, 56, N invariant, over nearly half
a solar cycle. The backscatter analysis was performed in
two parts. The first part was concerned with the field-
aligned irregularities in the E-layer and their association
with the ground backscatter echo which are propagated via
sporadic E (Eg) reflection. It was found that under quiet
sagnetic cond‘tions the field-aligned echo from E-layer
heights (FAE(E))displays a summer evenine maximum in con-
junction with the sround Egq echo. The second part of the
study was concerned with the occurrence characteristics of
the field-aligned irregularities in the F-layer and their
relationship, if any, to the backscatter signal propagating
via the F-layer (1F echo). It was found that the field-
aligned echo from the F-layer (FAE(F)) was primarily s sunset
phonomonothowtng strong solar cycle dependence during quiet
times, increasing monatonically with the magnetic index until
s certain threshold value was reached (KFt « 4) and decrcasing
beyond that value. The IF echo was found to be unaffected by
the presence of either FAE(F) or E, clouds, but was found to
be very sensitive function of the i-regton parameters. Ray
tracings through model ionospheres were used to confirm these

hypotheses,
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ABSTRACT

The rescarch conducted under this contract was concerned
primarily with HF and VHF obLliqucbackscatter observations,
made at Plum Island MA, 56 N invariant, over nearly half

a solar cycle., The backscatter analysis was performed in

two parts. The first part was concerned with the field-
aligned irrcgularitics in the E-layer and their association
with the ground backscatter echo which are propagated via
sporadic E (Eg) reflection., It was found that under quiet
magnetic conditions the field-aligned echo from E-layer
heights (FAE(L))displays a summer evenine maximum in con-
junction with the ground Eg echo. The second part of the
study was concerned with the occurrence characteristics of
the field-aligned irregularities in the F-layer and their
relationship, if any, to the backscatter signal propagating
via the F-layer (1lF echo). It was found that the field-
aligned echo from the F-layer (FAE(F)) was primarily a sunset
phenomenon/showing strong solar cycle dependence during quiet
times, increasing monatonically with the magnetic index until
8 certain threshold value was reached (KFt = 4) and decreasing
beyond that value. The 1F echo was found to be unaffected by
the presence of either FAE(F) or E. clouds, but was found to
be very sensitive function of the E-region parameters. Ray
tracings through model ionospheres were used to confirm these
hypotheses. :

Finally, the occurrence patterns of scintillations of signals
from the geostationary satellite ATS-3 at.137 MHz during
magnetic storms was investigated. It was found that at
Narssarssuaq the stormtime scintillations showed strong
scasonal patterns whercas at Hamilton, where a delayed effect
was observed, the seasonal aspect was not so marked. The
behavior of the various auroral electrojet indices during the
magnetic storms which gccurred in 1970 were also studied.
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Seasonal Putterns of Auroral and Midlatitude

Geostationary Satellite Scintillations during ilagnetic Storms.

Recent analysis of amplitude records of the 137 MHz signal
from AT5-2 as observed from Narssarssuaq, Greenland (invarfant
latitude of the sub-lionospheric point referred to a height of 300
km belng 64°}) has shown a very consistent seasonal éattern of
scintillations in addition to diurnal and magnetic dependence
(Aarons et al., 1972). Sufficient data (September 1968 to March
1972) has been accumulated at Narssarssuaq to justify a statis-
tical study of the seasonal patterns of amplitude scintlllation

during magnetic storms.

The particular magnetic storms which were chosen for this
analysis were those which had a sudden storm commencement (SSC)
and were reported by at least eight or more observatories as listed
in the Solar Geophysical Data Books, Aeronomy and Space Data Center,
Boulder, Colorado. Moreover3 since the diurnal pattern as well
as the stormtime behavior vere also of interest, a program of
analysis similar to that used by Mendillo (1971) was utilised for
the study. It was found that thirfy-two storms during the three

and a half year period met all the above requirements.

A similar study of the Sagamore Hill ATS-3 scintillation data
was also undertaken to determine seasonal patterns, if any, in

the midlatitude ilonosphere. The observation period for the



Sagamore li1ll Radio Nbservatory data was from November 1967 to
arch 1972. In this case thirty-nine stcrms were found which met
all the requirements.outlined in the previous paragraph.

The qu.et mediaﬁ seasonal patterns for both stations were
establiéhed by takin? all the data in each season which corre-
sponded to a planeta}y magnetic index of ¥p = 0 or 1 and then
determining the diurnal distribution of such data. A5 the two
equinoxes showed simllar behavior (Aarons et al., 1972) it was
decided to divide th? year into three seasons, namely the summer
(May through August);, equinoxes (September, October, March and

April), and winter (Qovember through February).

Results for larssarssuaq

The seasonal benravior of scintillations during storms and
quiet periods are shown in Figures 1 through 3. Figures 1 and 2,
which show, respectively, the summer and equinox behaviors, are
somevhat similar. During quiet periods (¥p=0,1) in both seasons
there 1s a déep minimum during the daytime and a maximum at 0100
UT (2200 LMT) when the median scintillation indices reach a value
as high as 80 per cent. The effect of storms during these two
seascns seems to be a marked increase of the daytime scintillations
on the day of SSC. On the day after SSC (marked SD2) nighttime
scintillations are higher than during the quiet periods. Also the

daytime scintillation level 1s somewhat higher than the quiet day



but lower than the o:currence on SSC day. The second and third
days after SSC cday (labelled SD3 and SDU4) show a scintillation
behavior similér to the quiet day pattern., It 1is to be pointed
out that the median ﬁuiet day pattern was obtained for one com-
plete day in each season and the same pattern was repeated on the

three succeeding days for comparison purposes.

The winter behavior shown in Figure 3 is entirely different
from the ones presented in the two previous diagrams. The di-
urnal pattern duringiouiet days does not show a marked day to nigh*
variation. The daytime level 1s similar to the other seasons but
the night to day 1nd§x ratio is only 2:1 as compared to Figures 1
and 2 where this sam2 ratio is 7:1. The medlan stormtime behavior
in spite of the scat:er shows a sim‘lar night to day ratio of 2:1
where now the daytim= values are around 50 per cent. The storm
effect seems to persist well into the third and fourth days and
this 1s also urlike the behavior in the other two seasons. Thus
these three figures show a rather definite seasonal variation of

both the quiet and disturbed day scintillation pattern.

Results for Hamilton

Three similar diagrams for Hamilton are presented in Figur.
4 through 6. There is very little scintillations during quiet
periods in any season with the median summer pattern showing no

scintillation during the entire 24 hour period. The effect of the



magnetic storms 1s to increase the nighttime scintillations in
all scacens. 7The cffeet seems to be most marked in summer when
scintillutions as high as 507 are observed during the night. The
other rather interesting feature of the scintillations during
storms at liamilton seems to be the delayed onset -- the percen-
tage occurrence is greater during the second night after SSC
rather than during the night of the actual SSC date. This fea-
ture is different from that observed at Narssarssuaq where there
is a gradual tapering off of the storm effect.

Further studies utilising the various auroral electrojet
indices AE, AL, and AU as defined by Davis and Sugiura (1966) are
being made to determine possible causes for deterﬁining stormtime

and seasonal patterns of scintillation.
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ABSTRACT

The aim of this stu&y was to determine the effects of direct
scatter from field aligned E- and F-layer irregularitics, FAE(E)
and FAE(F) rcspectively, as well as scatter from intense Eg
clouds on the 19.4 Miz 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
IF echo remained unaffected. In fact the presence of the IF
echo was often required to produce FAE(F). The Eg clouds which
were frequently observed during the summer werec also found to
bc non-blanketing so the Eg reflected echo and the 1F echo could
exist simultaneously. liowever, 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
jonization at these latitudesr. In addition, the changing magnetic
declination to the east and west of the station was responsible
for an asymmectry 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) prescnted in Scientific Report No. 1 are discussed in
the context of current theories for the formation of these
irregularitics.

16
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l.

INTRODUCTION

The ohjcct'of this study was to determine the cffect of the
sub-auroral ionosphere on the propagation of IIF signals. The
results of an carlier study (Basu and Vesprini, 1972, hereaftey
to be referred to as Report 1) have shown that the ionosphere
at these latitudes is far from uniform with field aligned
electroﬁ density irrcgularities existing in the L and F region
for a fair percentage of the time. Thus, scattering by these
ficld aligned irregularities may cause a diminution or cut-off
of the F-region propagated IIF signal. Reflection from intense
mid-latitude sporadic E nay also have a blanketing effect on
HF propagation. Both these factors are considered in this
study. In addition to magnectic storm effects the quiet time
F region itself is known to exhibit various anomalies such as
the cvening anomaly and seasonal anomaly in the peak clectron
concentration of the F2 layer. We have attempted to study the
effects of these anomalies on F-layer propagation. Another
important paramctef which may affect oblique HF propagation is
the D-region absorption particularly during magnetic storms.
However, no attempt has been made to include absorption cffeccts
in this study.

A brief recview of current theories for the formation of
field aligned irregularities has been presented and the observed
statistical occurrence characteristics of these i?rcgularities
are discussed in the light of the recently developed physical

concepts. |

EQUIPMENT AND DATA REDUCTION
The data for this study werc obtained from film records of

a continuous scries of 19.39 Milz oblique backscatter obscrvations
made at Plum Island, MA (42.63°N, 70.82°W and 56° invariant

20



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 propagated 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 _iterature
(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
werc obtained at delays of 8-10 msec in the northern quadrants
could not he 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 FE layer.

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



is not possiblc for these diffuse echoes to be onc-hop F-region
propagated groundscatter echoes (to be referred to as IF cchoes);
at a frequency of 19.4 MHz 1F echoes occur at much greater delays.
Indeed thc daytime Eg echoes are usually accompanied by 1F and
somctimes 2F echocs at appropriately grecater delays. Besides,
the continuous opcration of the sounder makes it possible to
follow the regular diurnal pattern of 1F echoes as they develop
in the morning and deccay after sunset. The Eg echoes on the
other hand, are, as their name implies, rather sporadic in
nature and are observed for pcriods of a fraction of an hour to
a fcw hours,

The aspect sensitive field aligned echoes such as those
ohscrved by Peterson et al (1955) showed up as much sharper
well defined traces on the films. They were predominently
centcred in the NW quadrant and were less frecquently 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,
amonp others, by Leadabrand (1961, 1965) working in the VIF
and UIF band with narrow bcam radars. Thus in the terminology
of the IAGA, 1968 classification (Sverdlov, 1971), we cannot
distinguish betwecen B), B2 and B3 types of radi« aurora. 1In
addition since somc of the aspcct sensitive echoes arc
obthined during periods of magnetic calm and henece could not
be directly related to auroral disturbances at the latitude
(~60° invariant) of sounding, it was decided to rcfer to them
gencrally as FAE's rather than radio aurora.
Ly PROPAGATION

The occurrence characteristics of Lg propagation in the NW

and NE over the five year period of observation are presented in
Figpures 1 and 2 for quiet magnetic conditions. There is no

22



systematic variation of Eg propagation from one year to another
or from one quadrant to another. The only promineht feature is
the presence of Eg propagation during the summer months (May
through August) of each yeur. The diurrnal variation during
these months shows a morning and an evening peak 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 than 10 per cent of
the time.

The diurnal variation of the occurrence of Es 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 duc to an actual decrecase
of Eg 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
3§ 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 Eg .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 freduencies of
approximately 4.5 to 5 Mlz for the Eg clouds should be able
to reflect the observing frequency. Figure 4 shows percentage
occurrence contours of fE, 2 5 MHz as observed at Ottawa for
the yecars 1961-65. The data for these contours were obtained

23



from the monthly bullctins of ionospheric data published by the
Nefence Rescarch Tecleccommunications Estab;ishment. Ottawa,
Canada. The remarkable similarity of Figures 1 and 4 provides
convincing cvidence for Lg type propagation observed by the
obliquc backscatter radar. The diurnal variation of vertical
Es occurrcnce at Ottawa (Figure 4) shows the same pattern as
that derived from the oblique Ls propagation (Figure 1). It
should be ‘pointed out that Figure 4 represents data taken on
all days at Ottawa without discriminating bectween quiet and
disturbed days. However a separate study of the Ottawa L[g data
indicated that magnetically disturbed periods showed less Eg
activity, a fact that had been known carlier and has also heen
confirmed recently (Whitehead, 1970; Closs, 1971). Hence,
Figure 3 generally rcpresents 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

Eg propagat;on. . )

To prove that the statistical agrcement referred to above,
is also borne out on a one-to-one basis, the occurrence of Eg
propagation was corrclated with the presence of Ly in the
vertical ionosondc¢ data from Ottawa on an hourly basis for a
particular month, namely June, 1961. The results show that if
ftg 2 4 Mliz at Ottawa, then the Eg propagation is observed
80 percent of that time. Considering that the observations
were made only once every hour at Ottawa and the'obliquc 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(FE) during quiet
magnetic periods over the years 1961-65, presented earlicer 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 S. Keeping this in mind, we find that the definite summer
evening maximum in FAE(F) is correlated cxtremely well with the
evening maximum of hoth Eg propagation and fEg at Ottawa. The
other diurnal peak in [g 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 Eg with FAE(E) during evening hours is further shown in
Figure 6, which represcnts the percent occurrcnce of Eg associated
FAE(E) from the NW for the five years of obscrvation during quiet
magnetic periods. During 2000 to 0300 hours Eg propagation is
accompanied almost 50 percent of the time by FAE(E).

The occurrence of FAE(E) during magnetically disturbed
periods (Kp, 4-9) is statistically insignificant for bresenta-
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 (Kgp 0,1) and
moderate conditions (Kp, 2,3) is also shown for cbmparlson.

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

terms of occurrcnce statistics of Eg. 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 disturbcd magnetic periods.
The occurrcnce pattern of FACE(E) changes drastically when the
magnetic field is severely disturbed. During this time,

virtually all scasonal 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 irregularitics at E-layer
heights. We shall comment on this point further in the Discussion.
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F-LAYER PROPAGATION

The F-layer ground backscattcr echoes or IF echoes form a
larpe fraction of the total data recorded. The echoes obtained
at southern azimuths wecre stronper and morc numcrous. However,
as peinted out carlier, we shall restrict ourselves to echoes
obtaincd from the north. The greater majority of thesc was
ohtained at dclays of 16-18 mscc whichcorresponds to ground
scattering distances of 2400-2700 km. The percentage occurrence
contours of this type of ccho during magnetically quiet periods
are presented in Figures 8 and 9 for the NW and NE respectively.
Thouph 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 NC and even later around 1800 hours, in the NW,

5.1. Effect of Eg on F-layer propapation

As stated in the Introduction, it was our object to
investipatc the effects of blanketing, if any, causcd by the
intensc sporadic-E clouds present so consistently during the
summer on F-laycr backscatter. A quick comparison of Figures
4 and 8 scems to indicate that absence of daytime ground
backscatter during the summer may be causcd by the presence
of Lg. llowever, a closer look shows that the cvening
occurrence of F-layer propagation during this season coincides
almost exactly with the evening maximum of Lg occurrence. Thus
the daytime abscnce of F-layer echoes cannot bec attributed to
the prescnce of Eg, and we have to look for changes in the
F-region parameters themsclves for an explanation. It is
our conclusion: therefore, that Lg at sub-auroral latitudes
docs not causc hlanketing effects on the 1F mode of propagation.
Bates (196Y) came to a similar conclusion rcgarding the 1F mode
sipnal aftcer examining simultancous records of IiF backscatter
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at College and the Thule-to-College forward oblique propagation
in the auroral zone. !n the absence of any amplitude records,

we could not dectermine whether the presence of Cg 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 secn in Scction 4 of this Report that direct
ionospheric scatter from the E region, FAE(E), is highly
corrclated with the presence of E; 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 diclectric constant. Again, in the previous section we
have scen that the Eg clouds themselves aré of the non-blanketing
type. At these latitudes sufficient refraction must be present
in the underlying layers 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 bccomes 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
dircct 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 iF mode of
propagation and FAE(F) we constructed Figure 10. This diagram
shows the diurnal variation of the occurrence of the F-layer
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echo over S ycars of observation as wecll as thc percentage of
the time that FAL(F) accompanicd the F-layer echo. Figure 10
shows that the hours of grcatest F-layer ccho occurrence are
accompanicd by a negligible percentage of FAL(F), whereas the
evening hours with rapidly tapering 1F echo occurrence are
those which arc accompanied by FAE(F) for 25 to 50 percent of
the time. This diurnal variation during quiet times can be
immediatdély explained in terms of the irregularity rcgion
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 preciscly the time beyond which an
appreciable FAE(F) activity is observed. Thus if irregularities
are prcsent, then it is poss.ble 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 ccho was accompanicd by FAE(F). That the FAL(F) is
present simultancously for 30 percent of the time the 1F echo
is prescnt proves that dircct scatter from the F-region
irregularitics 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 Kppd4-9 samples
is only 10% of the number of Kpn0-3 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
comparison with Figure 8, we have reproduced from Report 1 the
FAE(F) occurrencc contours obtained over the S5 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
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are also very clearly depicted in Figure 14. It is interesting
to note the incrcasc 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 itsually accompanied
by a decrease of fyF2, whereas the opposite is the case in
winter (M.tsushita, 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 Kp, until KFr'4 and then
decreased thereafter, attaining complete cut off for Kpp27.
The complete cut off for Kpp27 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 Kgr 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 betwcen the ray-path from the radar and the

gecomagnetic field is not achicved for cstraight lire propagation,

5.3. Effcct of varying, F-region parameters on 1F propagation,
It was pointed out previously that the disappearance of
F-layer propagated cchoes 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 E, ionization. The two most important paramcters affecting
F-layer propagation arc its critical frequency f,F2, and the
true height of maximum ionization h, F2, llowever, 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 reclative variation of the truc height betwcen onc time
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and another. It has bcen shown by Shimazaki (1955) that

for most clcctron densitv profiles the height of the maximum
electron density is appriyximated by hpF2-1490/M(3000)F2 - 176,
Thus the variation of M(3000)F2 indicates thec trend in the
variation of hpFZ - theé lower values of M(3000)F2 corrcsponding
to higher valucs of h,F2 and vice-versa.

The ionosonde stations to the NW and NE of Plum Island
are Winnipeg (49.9°N, 97.4°K) and St. John's (47.6°N, 52.7°K),
respectively, and their data are considered to represent
fonospheric F2-layer conditions in these two directions.
llence contours of the monthly median foF2 and hpFZ, calculated
from thc M(3000)F2 factor by Shimazaki's relation, were drawn
for both stations using DRTE(Ottawa) Canadian data books.
These arc shown in Figures 16 through 19. Systematic differ-
ences arc 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 b’ at least
0.5 MHz. This higher critical frequency is respons.ble 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 arc the highest of any season
in addition to being accompanied by the lowest values of fgF2.
This particular combination of high hpFZ and low f,F2 is
responsible for the disappearance of F-layer propagation in
the daytime. However, it rcappcars in the evening when the
f,F2 is higher and the hpFZ is lower. The solar cycle
variation is- manifested by a decrcase of hpFZ from 1961 to
1964. liowever, 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 decrecasc of F-layer
propagation. A separate empirical study is underway to
determine particular combinations of f,F2 and hpF2 which will
yield the observed percentage of F-layer propagation,

We thus conclude that the F-region paramcters themseclves

arc crucial in dectermining the extent of F-layer propagation,.
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We have observed that in a particular quadrant the F-layer
propagation varies with time of day, scason, and sunspot number.
This is largely dictated by the variable shape of the foF2 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 referrec to as the
evening anomaly. Strotel and McElroy (1970) undelconputations
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 masc constant, at a base level of 120 km. Thus,
contrary to general expectations, neutral winds are not the
direct cause of the secasonal anomaly (Rishbeth, 1968).

Neutral winds, howcver, are largely responsible for the
other noteworthy fcature that has emerged from these observa-
tions, namely, the greatly enhanced F-layer propagation in
the NE as comparcd with the NW. The two ionosonde stations
chosen to represent conditions in these general directions
arc St. John's (NE) and Winnipepg (NW). These stations, though
similar in latitude, differ in magnetic declination., St. John's
has the rather large westerly declination of 27°W wherecas
Winnipeg has a declination of 10°E. The difference in F2-layer
behavior at places of similar latitude but oppoéitc declination
has hecen discussed in a recent review on thermospheric winds
by Rishbeth (1972) and also by Kohl et al (1969). These
authors conclude that wind effects can account for the dependence
of the diurnal F2-laycer variations on declination, that had
been suggested previously by Lyrfrig (1963). Thus we find that
factors such as changes in atmospheric composition and neutral
winds indirectly control F-laycr propagation.
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6. GENERAL NDISCUSSION ON FORMATION AND OCCURRENCE OF FILCLD ALIGNED
IRRECULARITIES

6.1. FAL(L)

The statistical results of the occurrence of FAE(E) in this
study extending over half a solar cycle seem to agrce 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 Milz between a transmitter located at Grcenwood and receiver
located at Ottawa on an cast-west linc. As indicated carlier, the
oblique backscatter observations reported in this study sound the
fonospherc over Ottawa for C-region heights. Thus the two sets
of measurcments 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 reported by Forsyth must be caused by the S-type scatter
(classified as Ay, by 1AGA, 1968) which is weakly aspect-sensitive
and is not corrclated with magnetic disturbances. This type of
irregularity when cxisting at the zenith at Ottawa is reported
as £, 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
occurronccs arc eliminated, 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.0., aspect-sensitive high latitude disturbances
strongly reluted.to magnetic storms, in terms of either Farley's
(1963) 'ion-acoustic instability' or the 'drift-gradient
instability' developed by Simon (1963) and lloh (1963). Unwin
and Knox (1971) further show that the Bl or diffuse type of



radio aurora is probably due to the ion-acoustic instability,
wvhercas the B2 and B3 (discrete) types arc 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 inverscly 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 ficld of 1 mv/m may
be adequate for causing this kind of instability at [IF 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(L)
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 expcct fields of this order at E-region
heights for quite disturbed conditions(Krr>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 adequatc for the explanation of his 16 Mz data and the
same argument may be valid for this 19 Mllz 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 be randomly distrituted, and are caused by atmosphcric turbulen:
Recent measurements of nighttime and twilight wind profiles from
chemical trails have shown that turbulence once initiated maintain:
itsclf for 30 pecrcent of the time at altitudes below 110 km
(Rosenburp and Zimmerman, 1972). Booker assumed the blobs of
ionization to be 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 scattcering 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 percentage occurrcence contours of FAE(F) shéw that
during quiet periods they are primarily a sunset phenomenon,
During disturbed periods, however, they are found to occur
more frequently in the daytime, in addition to tﬁeir sunsct
occurrence. It is to be emphasized that their diurnal peak of
occurrence should be interpreted in terms of their aspect
sensitivity requircments which in this case is depcndent on
refraction duc to underlying ionization. If the probing IF
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 prcdominant from scintillation measuremcnts (Aarons et al,
1969). Such were indeed the findings with a 16 MHz 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 w~hen
viewed from different locations. Ilowever, it is quite correct
to suggest that near-sunset conditions are cond'-~ive to the
formation of ficld aligned irregularities in the mid-latitude
ionosphere, whereas during the daytime, conditions are
relatively unfavorable. Bates (1971) has shown that slant-F
echoes were scen on a one-to-one basis whencver the vertical
incidence F-layer traces were sprcad at College. At that
station, which is well within the auroral oval, thesc slant-F
echoes were present mﬁch of the time between roughly 1600 and
0600 LT. Slant-F echoes were, however, observed only occasion-
ally at Palo Alto, California during 1964. Plum Island, being
at an intermediate latitude, should show intcrmediate occur-
rence. Bates comes to the conclusion that the slant-F echoes
are produced by highly aspect-sensitive backscatter from field
aligned irregularitics in the F layer. It is thus quitec rcason-
able to assume that the oblique backscatter sounder will show
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FAE(F) activity when sprcad-F conditions are rcpotted by

rclevant ionosondes. Positive corrclations between spread-F

and FAE(F) were rcported by various authors (licrman, 1966 and
various authors quoted therein). Illowever most authors also
report the presence of sprecad-F without corresponding FAE(F)
activity, thus showing that the vertical ionosonde is a more
sensitive detector of irregularities than a rackscatter

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

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

that these signals showed significant pcaks when the spacecraft
was in the statistical auroral oval as defined by Feldstein (1966).
Kelley and }ozer quote a peak intensity at 12 licrtz of 1 mv/m -
hcr;zk. llowever, without knowing the spectral characteristics
over the entirc bandwidth it is difficult to comparc this value
with other quoted dc ficld mcasurements.

The cxistence of clecctrostatic ficlds and plasma density
gradients in the ionosphere are known to givc rise to a unique
typc of instability known alternatively as ‘'cross-ficld
instability' or 'drift-gradient instability' which can result
in the growth of ionization density irregularities that are
sligned along the carth's magnetic field. It will bhe recalled
that this type of instability has been invoked for the explana-
tion of the B2 and B3 typcs of radio aurora at E-layer heights
(Unwin and Knox, 1971). Reid (1968) considcred the formation
of field aligned irrcgularities in the F-region due to this
mechanism and Au(1970) later cxtended his calculations for a
station at the dip pole. From these calculations, it is evident
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that the dynamo region of thc ionosphere is quite likely to

be unstable in the prescnce 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-scalc clectrostatic ficlds associated with this instability
up the magnetic ficld lines can give rise to the growth of
irregularities of corresponding scale sizes in the F-region.
Hlowever, the theory is still on a rather tentative footing and

no rlgoréus theory of formation of field aligned cchoes scems

to have yct bcen formulated.

6.3. Conclusions

While the physics of the origin of the irregularitics are
in the process of being developed, the morphology of the
irregularity region is clcar. Irregularities exist in the
region hatched in Figure 11. With the acceptance of this model,
the pcometry of the probing radar becomes the all important
factor with the propagation angle and the local ionosphcric
paramcters forming the basis for the occurrenéc statistics.
Knowlcdge of the diurnal pattern of the irregularity region,
and the intcnsity within the irregularities across the auroral
tonc and the polar cap is being expanded 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 for ficld aligned cchoes in the F recgion.
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ABSTRACT

In a reanalysis of the ilF (19 Milz) backscatter data from
Plum Island MA, the occurrence of field aligned echoes from the
E and F layers, called FAE(E) and FAE(F) respectively, was
studied in detail. From this site, direct orthogonality with
the magnetic field can be achieved only at E-layer hcights,
whereas refraction is necessary for the F layer. FAE(E) during
quiet magnetic conditions (Kpy0-3) is a nighttime phenomenon
with a definite maximum during the summer, when it is accom-
panied by groundscattered Eq. A weaker maximum is observed in
the winter. Geomagnetic activity incrcases the occurrence of
FAE(E) when no seasonal control is evident. During quiet
magnetic conditions, FAE(F) are confined pi’marily to sunset
hours. The equinoxes show more activity than the solstices,
and the FAC(F) are generally accompanied by F-layer supported
groundscatter echoes. FAE(F) shows a positive correlation
with solar cycle. Thec incidence of FAE(F) increl;es monotonically
with Kp, until a threshold value is reached (Kpr24), beyond
which the depletion in the background ionization causes it
to decrease, with complete cut-off for Kpp27.

In the next scientific report, the occurrence charactoristics
of various groundscattered echoes will be presented and these
will be used to explain qualitatively the observed characteristics
of FAL.
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1.

INTRODUCTION

A continuous series of fixed frequency oblique backscatter
observations was conducted at the Plum Island siﬁe (42,63°N,
70.82°W) of the Sagamore Hill Radio Observatory between January
1961 and December 1965. The primary objective of this program
was to stndy the field aligned irrcgularities in the ionization
density at both E-layer and F-layer heights. These irregularities
are responsible for the auroral clutter which affects the per-
formance of HF, and even VHF and UHF, high latitude radars whose
purpose is to detect and track aircraft and missiles (Leadabrand,
1964). A preliminary analysis of a part of this data has been
presented by Malik and Aarons (1964) in which thaey noted the
frequent occurrence of auroral echoes over a three yiar period.

A more recent analysis of the data has been made by §arons (1971).

Studies of radar echoes from field aligned irreﬁularities
have been made for many years. However, studies of the field
aligned E-region irregularities (to be henceforth referred to
as FAE(E)) have been more numerous as indicated in the review
articles by Booker (1960), Chamberlain‘(1961) and Bowles (1964).
This is primarily because it is possible to achieve direct
orthogonality at E-layer heights from most mid-latitude and
sub-auroral stations. The condition that the earth's magnetic
field be perpendicular to the probing radar signal, also referred
to as the aspect sensitivity requirement, is a necessary condition
for sufficient backscatter to occur. Recent work (Bates, 1971)
has shown that the intensity of the backscattered signal falls
off 5-6 dB per degree off orthogonality.

The detection of field aligned F-region irregularities
(FAE(F)) from most mid-latitude stations, however, will require
sufficient refraction in the underlying layers to achieve orthog-
onality at F-layer heights. In order that the amount of refrac-
tion be adequate, frequencies in the HF range have to be used.
The geometrical situation for the Plum Island site is shown in
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Figures la and 1b. The aspect sensitivity requirements are
dircctly met at 110 km, whereas the lowest propagation angle
achieved at F-layer heights is 100° for straight line propagation.
Thus the refraction in the underlying layers has to bend the ray
by at least 10° to meet the orthogonality criterion at a height
of 300 km. The interpre-ation of the F-layer echoes should thus
be viewed in this context; namely, the absence of echoes need

not necessarily mean the absence of irregularities but could be
du2 to insufficient refraction, such as under nighttime conditions.

EQUIPMENT

The data used for this study were obtained from film records
of a 19.39 MHz sounder located at Plum Island, Massachusetts
(56° invariant latitude). A low powered 1 kw peak-power radar
was used with a pvlse length of 1 millisecond and a rcpetition
frequency of 10/sec. The pulses werc transmitted by a horizontal
threc-element Yagi antenna placed 0.6A above ground and rotating
at the rate of one revolution every eight minutes. The receiver
band width was 1 kc¢. The resulting data were recordcd on com-
pressed time-scale film as well as on the range azimuth (PPI)
type frames. The maximum range on the sweep was 3750 km taken
in 750 km steps. Field aligned echoes, both FAE(E) and FAE(F), .
and sporadic-E and F-laycr propagated ground scatter signals
were read from the film and recorded on graphs. These graphs
also recorded the azimuth of the various returns and their
respective delays.

DATA REDUCTION

For the purpose of this report, the information present in
the graphs referred to above was put into digital form. The
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basic procedure was to record on punch cards the duration of the
FAE and average delay, correct to the nearest millisecond for
each hour of the day. The azimuth of these echoes, i.e., obtained
from either the NW or NE quadrant, was also recorded. The
quadrant behavior, however, is to bc treated with caution due to
the broad beamwidth (about 45°) of the antenna used. When FAE's
were observed, it was noted from the graphs whether sporadic-E
or F-layer supported groundscatter was simultanecously present in
the same hundrant. Results were recorded on the cards. The
3-hour magnetic activity index KFr obtained from Fredericksburg,
Virginia or Fort Belvoir, Virginia was also put on tliese cards.
It is to be mentioned tha: Fredericksburg is a few da:grees to
the south of the station whereas the FAE's are obtained from the
north., However, Fredericksburg is in the same longitude zone as
the observing site and this is considered important in the
separation of diurnal and magnetic activity dependence of FAE's.
The hours in which there was equipment failure were excluded
from the analysis. '

The punch cards were first sorted by range to distinguish
between FAE(E) and FAE(F). It was found - and range scatter
plots will also show this - that echoes which were obtained with
delays less than six milliseconds (msec) were E-layer echoes.
Any echoes obtained at greater ranges are presumed to be either
direct F-layer echoes or a combination of multi-hop propagation
and field alignment. Each of these two broad categories are
then subdivided according to the Kp. index. A range of Kep from
0-3 is considered to represcnt average quiet conditions, whereas

K
Fr
sorting on the basis of Kp, alone will justify this grouping.

ranging from 4-9 represents disturbed conditions. Later

The data, after being divided into the four categories
mentioned above, werc sorted to yield the percentage occurrence
in each hour for a particular month, This is an actual percentage
of occurrence obtained by dividing the number of hours the FAE
was present in that particular hour of the month by the total
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number of samples available for the same month. Other groups,
such as that working at Washington State University (Keck and
llower, 1968) have used a definition whereby an occurrence of

FAE for more than S minutes in an hour is considered to be an
occurrence for the whole of that hour. 7Thus it is difficult

to compare occurrence statistics among various groups of workers.

DATA PRESENTATION

The behavior of the FAE's observed at Plum Island throughout
the years 1961-65 is presented in the form of a series of
histograms showing the diurnal variation of their percentage
occurrence. We shall discuss the characteristics of each type
of echo separately.

4.1 Oécurren:e of FAE(E)

The occurrence of FAE(E) for the five years of observation
is shown in Figures 2 through 7. Each diagrad represents 12
months .of data. The first half of each hour represents per-
centage occurrence of echoes obtained from the NW quadrant in
that entire hour, whercas the second half represents the echoes
from the NE quadrant for that same hour. The shading within
the occurrence blocks shows the fraction of time for which
sporadic-E supported groundscatter was simultaneously present.
Fipures 2 through 6 represent individual months for quiet
conditions, whereas Figure 7 rcpresents average disturhed months
over the five years of observation, the samples being statisti-
cally insignificant for cach month separately. The number of
samples in Figures 2 through 6 range from a low of 18 (when
therc were many disturbed periods) to a maximum orf 31. The
month of Dccember 1965 has about half as much data as the other
months berause the observations were terminated in the middle
of the month. Equipment failure occurred very rarely. Figure 7,
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cven though an averagec over 5 years, has a similar number of
samples in each block except for a few daytime blocks when there
are less than ten samples.

The first obvious pattern of the quiet day FAE(E) is its
occurrence in the cvening, nighttime, and early morning hours.
There is virtually no daytime FAE(E). There is a greater
incidence du-ing the solstices than during the equinoxes, with
the summer maximum being higher than that in the winter. The
winter months, having a longer period of darkness, show echo
activity more uniformly distributed over a longer period of
time than do the summer months. The increased occurrence
during the solstice period is usually accompanied by increased
sporadic-E supported propagation occurring simultaneously.

This lcads us to believe that there is a high degree of field-
alignment in the sporadic-E patches that appear to the north of
the station during the evening hours of the summer and winter
months. The cquinoctial periods are characterized by little

or no occurrence at all, and very little of the FAE(E) that is
present is accompanied by the sporadic-E type propagation so
common in the summer. Thus there is a distinct seasonal
dependence as well as diurnal dependence of quiet time FAE(E).
One other obvious feature in these diagrams is the greater
incidence of ccho activity from the NW as compared to the NE.
This asymmetry becomes self-explanatory when the geometry of
the station as shown in Figure 1 is taken into consideration,
Since the magnetic polec is to the NW of the station, a much
greater degrce of field alignment is possible in that direction.

Figure 7, representing the average monthly behavior of
FAE(E)'s over the five years of observation during magnetically
disturbed conditions (Kg, 4-9), shows many features which are
different from the quiet time behavior. A uniformly higher
nighttime percentage occurrence is obtained throughout the year,
thus obliterating any scasonal differences. In addition, much
more daytime activity is evident in the afternoon hours. The
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summer and winter months, even though they have greater echo
activity, have much less supporting sporadic-E propagation.
This suggests that periods of magnetic activity tend to inhibit
the formation of sporadic E. A similar E-W asymmetry is some-
what reduced, leading us to believe that during periods of
greater magnetic activity the irregularities have a greater
density and arc received by a broad beam angle antenna at all
northern-azimuths.

4.2 Occurrence of FAE(F)

The characteristics of the field aligned F-layer echoes
are discussed in this section. This is a more complex phenonm-
enon than the E-layer backscatter where orthogonality consider-
ations are universally met. The monthly percentage occurrence
curves are presented in Figures 8 through 13 following the same
general procedure as for the FAE(E). The only difference is
that the shading in this case represents the fraction of time
for which the FAE(F) were accompanied by F-layer propagated
groundscatter. This gives us an idea of the ;mount of
refraction available to produce orthogonality at F-layer
heights. The most obvious feature of the quiet day histograms
(Figures 8-12) is the sunset peak of occurrence of these echoes.
The peak is present throughout tlke year, but the equinoxes show
more activity than the solstices. It must be remembered that
there is a great deal of FAE(E) during the solstices which
reduces the energy reaching F-layer heights.

A closer look at the diagrams shows that the peak echo
activity shifts with the time of sunset - the peak occurs
earlier in winter and much later in summer, a fact already
pointed out by Malik and Aarons (1964). The supporting ground-
scatter pattern follows the echo pattern, and it is the gradual
decrcase of the groundscatter Jater in the evening that is
responsible for the tapering off seen in the echo activity.
This will be more clearly seen in the groundscatter contour
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Jiagrams to be prescnted in a later report. From scintillation
boundary concepts (Aarons and Allen, 1971), we know that the
late eveaing and midnight hours are precisely those during which
we expect an incrcascd probability of finding F-layer field
aligned irregularities at the latitudes of interest. However,
the decay in underlying ionization at these hours makes it
impossible for the ray to achieve orthogonality at the higher
heights.-

Some daytime backscatter is evident, almost all of it
entirely supported by groundscatter. This shows that during
the daytime refraction is adequate, but the absence of irreg-
ularities is the usual limiting factor. It is interesting to
note that there is hardly any daytime backscatter activity
during the summer which ie¢ prcbably due io the high incidence
of Eg. We shall sce later that most of the daytime FAE(F) observed
have large delay times. There is a great deal of year-to-year
variability in the occurrence statistics - in general the
higher sunspot years showing greater activity,.

The average behavior of the disturbed day FAE(F) is shown
in Figure 13. As in Figure 7, each month represents the mean
over five years of observation. There is an increase in the
daytime backscatter throughout the year except during the
summer months. Therc is also a shift in the sunset peak towards
earlier hours of the afternoon. We shall further discuss the
disturbed day features later in the report.

/

RANGE DISTRIBUTION OF FAE.

The range distribution of FAE's is presented in Figures 14
and 16 through 18 on an individual seasonal basis to determine,
if possible, the most probable ranges for FAE(E) and FAE(F).
The diagrams include backscatter from both quiet and disturbed
days in each season. The seasons are defined such that spring
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represents Feb-Apr; summer, May-July; fall, Aug-Oct; and winter,
Nov-Jan. The ordinate represents the total number of hours of
backscatter echo obtained with delays ranging between 2 and

25 msec. It is to be emphasized that these are not percentage
occurrence curves, but each seasonal zurve shows the total
number of hours of echo obtained in a particular season out of

a possible maximum of roughly 90 x 24 = 2160 hours. The graphs
are not shown as histograms in order to facilitate the super-
position of data obtained during the five consecutive years.

Each seasonal curve clearly shows a maximum around 3-4 msec
delay and again around 7-9 msec delay with a distinct minimum
at 5 msec. Thus it is quite reasonable to assume that the
echoes represented by delays less than 6 msec are FAE(E), whercas
the echoes obtained at delays > 6 msec originate in the F layer.
The range corresponding to each millisecond is 150 km for free
space propagation. Referring to Figure la, we find that for an
E-layer height of 110 km, delays of 3-4 msec correspond to
elevation angles of 6°-10°, and for azimuths centered around
magnetic north, these delays correspond to pfOpagation angles
ranging between 89°-91°. A direct comparison with Figure 1b is
unjustified for the F-layer echoes, as considerable refraction
makes the ray paths deviate greatly from idealized straight
line paths on which this diagram is based. In addition, there
is a much greater variability in the height of the F layer.

The long range field aligned echoes, though only a small
fraction of the regular FAE(F), show certain interesting
features. All the scasons show small peaks around 13-14 msec,
another close to 18-19 msec, and a2 very small one near
22-23 msec. The first two of these roughly correspond to a
2F1E mode and a 3F2E mode respectively, in terms of their
observed delay as shown in Figure 15. It should be noted that
for the 2F1E mode the field alignment is in the E layer, whereas
for the 3F2C mode thc field alignment is in the F layer. Later
diagrams will show that fhese long range echoes are observed
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only in the daytime when there is sufficient ionization in the
E layer and the F layer. The possibility of observing such modes
of propagation has been demonstrated by Agy (1971) using ray
tracings through a model high-latitude ionosphere. The radar
used being of low power, these modes have the added advantage
of a minimum number of traversals through the absorbing D region.
Figures 16 through 18 show similar characteristics for the
thrce other scasons. Figure 16 which represents summer conditions
is somewhat diffcrent in as much as no long-range echoes are
observed. The decrease in F-layer activity may be attributed to
two causes: (1) the summer decrease in foF2 which decreases
refraction and (2) the high incidence of spoeradic E which

severely d 5 the energy reaching F-layer heights. Figure 18

[}-}
(3]
"
[+
[ 4]
(L}
0

representing winter conditions has only four graphs superposed
on it since winter 1965 was not complete, observations having
been stopped in the middle oi December. The interesting point
to note on this graph is the relatively large peak 'at 22 msec
which is probably duec to the ground supported 3F mode with field
alignment in the F layer as shown in Figure 15. The winter

foF2 being the highest and f,E being the lowest of any season

in the year, conditions for observing such a mode should be

most favorable in the winter.

To show the diurnal variation of the range of echoes in
any given year, the day was divided into 3 different time
periods: a daytime period between 0600 and 1800 hours, a sunset
and pre-midnight period between 1800 and 2400 hours, and
finally the post-midnight pe}iod between 0000 and 0600 hours.
The resulting graphs for the years 1961 and 1964 are shown in
Figures 19 and 20. All the long-range echoes are confined to
the daytime period, the evening hours show both E-layer and
F-layer activity, whereas the post-midnight period shows only
E-layer activity. It is interesting to note that the horizon
for an altitude of 300 km is represented by a distance of
approximately 2000 km which corresponds to a delay of 13 msec.
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As such, all the activity in the evening hours can be explained
in terms of direct reflections fxom tlie E and F layers, and
those in the post-midnight period from the E layer alone. The
daytime long-range echoes are, however, obtained from distances
far beyond the northern horizon where the probability of
encountering daytime irregularities is much enhanced. The year
1964 (Figure 20) shows reduced long range echo activity because
of the reduced solar activity being indicated by thé very low
sunspot numbers (Figure 28). The percentage of all echoes
obtained with a particular delay are shown in Figure 21 for the
years 1961 aad 1964. The other ycars, with sunspot numbers
intermediate ¢to thoss of these iwo years, have comparable
behavior. 1In order to get an idea of the total occurrence of
backscatter, it should be mentioned that backscatter occurred
for only 6% of the time throughout 1961, and of all the
occurrence noted, only'st was of the long range kind, i.e., with
delays groater‘than 13 msec.

. AVERAGE SEASONAL BEHAVIOR OF PAE

The average seasonal behavior of FAE(E) during both quiet
and disturbed magnetic periods is shown in Figure 22. The
quiet periods represent approximately 400 hours of data while
the disturbed periods range from 25 to 100 hours with the
majority of time-blocks ranging between 40-60 hours. As pointed
out earlier, the increased occurrence of FAE(E) during magnetic
storms is very prominent in all four seasons. In addition to
the increased evening and nighttime occurrence, there is a grecat
deal of daytime occurrence. In fact, virtually all the daytime
occurrencc during these five years is during disturbed periods,
The other interesting feature is the decrease of simultaneous
[y-supported propagation that accompanies the increase of
FAE(FE)'s during storms. This suggests that magnetic storms
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inhibit the formation of [ clouds. liowever, an influx of
charged particles at E-layer heights is responsible for the
enhanced FAE(E) (Paulikas, 1971).

A similar diagram for FAE(F) is shown in Figure 23. Here,
too, we find the same obvious increase with increased magnetic
activity, exccpt during the summer where the opposite seems to
be true. T.c summer storms at these latitudes are usually
followed by a large depletion of the F layer (Mendillo et al,
1969), and this reduced ionization seems to be responsible for
the decreased FAE(F). There is some daytimec occurrence of
high backscatter even during quiet days. As a matter of fact,
all the long-range backscatter (2> 13 msec) shown in Figures 14,
17, and 18 were obtained during quiet periods. There is an
increase of daytime backscatter during disturbed periods but
they arc all of the direct-F kind. It seems that during any
magnetic storm situation there is some depletion of the bottom-
side F layer as well as increased absorption which is adequate
to block out the long-range echoes. .

FAE AS A FUNCTION OF MAGNETIC ACTIVITY

We have seen that generally both FAE(E) and FAE(F) increase
with magnetic activity. So far, however, we have considered two
ranges of activity only. To study in detail the dependence of
backscatter on the level of magnetic activity, the FAE data
was sorted according to the Kp, index. The result for the case
of E-layer irregularities is shown in Figure 24a, in which the
percentage occurrence of echoes is plotted as a function of
Kgp. The data rcpresents the entire five ycar period under
consideration, and the number of hours of observation belonging
to cach K interval are indicated on the diagram. As before,
the first half of ecach K interval represents returns coming from
the NW, and the second half from the NE. The sample size becomes
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rather small for K indices ranging 7-9. It is very obvious from
this graph that the L-layer backscatter is a very scnsitive
function of the K index. Between K indices of 0-3 there is the
usual E-W asymmetry in the incidence of echoes, but the percentage
occurrence remainc small. Beyond Kp. 2 4, the percentage
occurrence increases with each integrnl increase of K. It
finally levels off for Kpy 2 6, and the degree of asymmetry
levels off slso, because irregularities appear at all northern
azimuths during severe magnetic storms. Figures 24b and 24c¢c
show the same data when separated into daytime (0600-1800) and
nighttime (1800-0600) hours. Figure 24b shows the total lack

of FAE(E) during the daytime for K range 0-3, and a pronounced
increase beyond that range. The nighttime hours show a gradual
increase for the low indices with the same prominent increase
for the high ones.

Similar diagrams for the F-layer backscatter are shown in
Figures 25a-c. The total occurrence characteristics are greatly
reduced - note the magnified occurrence scale. However it is
interesting to note the monotonic increase of occurrence with
K index up to & value of K=4, beyond which the occurrence tapers
off becoming zero for K > 7. Now, from scintillation studies
(Aarons et al, 1963), it is 2 well known fact that the incidence
of irregularities increases with Kppe Thus the decrease in the
FAE(F) is to be attributed to the depletion in the underlying
ionization during severe magnetic storms. The daytime situation
alone (Figure 25b) represents the 24 hour pictufe, as the
nighttime occurrence (Figure 25c) is insignificant. We have
seen earlier (Figures 19 and 20) that all of this low nighttime
occurrencce takes place in the pre-midnight hours. The shading
within the histograms, which represents supporting F-layer
propagated groundscatter echoes, shows a behavior similar to
that of the field aligned echoes, i.e., increasing in propertion
to the increased echo occurrence and then tapering off during
severe storms.
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8. SOLAR CYCLE DEPENDENCE OF FAE

To study the solar cycle dependence of the field aligned
echoes, if any, percentage occurrence contours of both E-layer
and F-layer echoes were drawn for the cntire five ycar period
of observation. The data base was restricted to quict magnetic
conditions, and the occurrence statistics in the NW quadrant
were used for drawing the contours.

The FAE(E) contours are shown in Figurc 26. The yearly
summer maximum during the evening and nighttime hours is the
most distinctive feature. There is a much weaker but quite
definite secondary winter maximum. No definite solar cycle
dependence is discernible from the contours. A reference to
Figures 19 and 20 shows that there were more hours of FAE(L) in
1961 than in 1964. However, it is difficult to come to a
definite conrlusion with the limited solar cycle coverage
available.

The FAE(F) contours (Figure 27), show a positive dependence
on the solar cycle. There is a gradual decrease in the incidence
of echoes from 1961 to 1964, and then an upward trend is observed
in 1965. The rough sinusoidal pattern of echo occurrence is
cvident as it follows the time of sunset throughout the seasons,
the echo onset being much earlier in winter than in summer. The
mean monthly Zurich sunspot numbers for the period 1961-65 are
shown in Figure 28. Though a general trend is clearly visible,
there is much month-to-month variability indicating that this
kind of variability should be expected in the FAE data also.

9. SUMMARY AND CONCLUSIONS
This detailed study of field aligned irregularities in the
E and F layers of the ionosphere has yielded valuable information

regarding the diurnal, seasonal, and geomagnetic control of the
occurrence statistics. The important characteristics of each
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type of echo will bs summarized below.

9.1 FAE(E)

1.

FAE(E) mostly occur at dclays of 3-4 msec and are more
numerous in the NW quadrant which contains the magnetic
pole.

During quiet magnetic conditions (Kgy 0-3), FAE(E) are
confined to the late evening and nighttime hours.

'PAE(E) shows a very definite maximum during the summer

months. A weaker maximum is observed in the winter,
However, the diurnal variation mentioned in (2) is
always observed irrespective of season. The summer
FAE(E) is mostly accompanied by simultaneous ground-
scattered E, echoes,

Geomagnetic actiyity increases the occurrence of FAE(E).
A great deal of Jdaytime activity as well as increased
nighttime activi:y is seen. No seasonal contrsl is
evident. A marked decrease of simultaneous ground-
scatiered E, echoes is observed.

There is no clearly defined solar-cycle dependence

of FAE(E) observed in the data.

9.2 FAE(F)

1.

This type of echo is obtained only when sufficient
underlying ionization makes it possible for the ray
to achieve orthogonality with the geomagnetic field
at F-layer heights., FAE(F) are mostly observed at
delays of 7-9 msec and, like the FAE(E), occur mostly
in the NW.

During quiet magnetic conditions FAE(F) are confined
primarily to the sunset hours. Some daytime activity
is observed with delay times ranging between 15-25 msec,
These long-range echoes can be explained in terms of
multi-hop propagation and field alignment.'
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3. The equinoxes show more activity than the solstices -
this can be explained in part by the greater FAE(E)
activity secen during the summer and winter, which
decrcascs the amount of cnergy reaching the F layer,
The time. of the sunset peak naturally varies from
season to season. The FAE(F) is generally accompanied
by F-layer supported groundscatter echoes.

4. The dependence of FAE(F) on geomagnetic activity is
very interesting, A monotonic increase of the daytime
FAE(F) with Kgy is observed until a threshold value
is reached (KFr=4), beyond which the depletion of
F-layer background ionization causes it to decrease.
Complete cut-off is attained under severely disturbed
conditions (Kgp27).

S. The incidence of FAE(F) shows a positive correlation
with the solar cycle.

10. FUTURE WORK

In the next report the occurrence characteristics of Eg-
layer and F-layer supported groundscattered echoes will be
prescnted. In addition, fE; and f F2 of relcvent ionospheric
stations wil)l be studied in an effort to explain the observed
characteristics of field aligned echoes as well as ground-
scattered cchoes. It is hoped that the FAE(E) can be explained
in terms of both the occurrence statistics of Eg and the
cquatorward movement of the auroral oval in times of magnetic
disturbances. On the other hand, the diurnal pattern of the
scintillation boundary under quiet and disturbed conditions,
and the change in F-layer ionization as a functian of time,
latitude, scason, and magnetic conditions, will be used to

explain qualitatively the observed incidence of FAE(F).

79



MAGNETIC \\

NORTH \

RANGE AND ELEVATION
ANGLES FOR A STRAIGH?
LINE PATH

ELEVATION|!200
ANGLE RANGE (km)
(degrees)

FIG. la PROPAGATION ANGLE CONTOURS FOR
PLUM ISLAND MA AT 1I0km HEIGHT.

80



\

MAGNETIC \

NORTH

RANGE AND ELEVATION
ANGLES FOR A STRAIGHT LINE PATH

ELEVATION
ANGLE RANGE (km)

(degrees)

FIG. Ib PROPAGATION ANGLE CONTOURS FOR PLUM ISLAND MA AT 300km HEIGHT.

31



1961 ONINNG €-0 33 ¥04

SLHOI3H H3AV-3 1V mu_._._mdn_:wumm_ G3NOINV Q1314 KWON4 ¥311VvOSHIOVE ¢ 94
1S3
e 81 el 9 0 ¢t2 8! cl 9 0 ¢t 8l 4] 9 )
rrorTTYY | M AGAS A2 A% A8 Rt 8 04 A8 A4 4 -.......l gjdliﬂiiij é-lo
==.__ | ==! Jﬁdl:u. l___u ] __:___-_ L )
. . o1
i i loz
930 AON 130 Joe

SN s L s kM SR sl M0
L ek
39N3HHN000 ON - oNY - ;
- - 40¢
d3s 1 1
= -“0¢

] 3N SI NNOH 30 SIVH ANOI3S
MN S1 8NOH 4O 3TVH 1SY13

_._._._._._._.E_Ilu\ m Bt ' L :::u

$39 9 3vs ] AYN ln ¥V
3vi )

(o]
0e

3ON3HYND20 LN30Y3d

———

——

; [~
=

[ A U W N |

o]

~mr U000 ] U o] JE_.EE n__________q..o

-
-4

YN ] 834 1961 Nwr Jog

82



296! 9NI¥NG €-0 ‘dx ¥OJ

SLHO9I3H ¥3AVI-3 1V S3ILINVINO3NY} G3NOINV G314 NWONY NILIVISHOVE € 914
1S3
e 8l P4 9 0O 2 8| el 9 0 8! el 9 (o]
T T T T T T T T T T T T T T T T Y T YTV T o TV Tr v viereyers i ne o a e A MAd A At on o0 g g ot 9
. - 1o1
- - 102
230 © AON ] 120 Jog
s = ﬂul él B a2 ac 20 a2 o0 T - 0
il i o] - [ '
i 4 K o1 3
- . A 0z @
] onv | i b
dis | 3N SI ¥NOH 40 4IVH ONOD3S | ne Jo¢
MN S1 HNOH 40 2IWH LSHId o
e =] 1° 5
_ ¥ 401 R
i i 39N34UN00 ON 1oz m
- $39 @ 3v4 [) 1 1
NOP avs O AVA ] v Joe
[paadasnasans asns YUY TrrTTYTYTYYTTY T T T I Ty [V TP T IV e [Ty v I T I TP TvyIveTY ™) i AL b A (e o
B ] bt | 111111 o ==ccj__._
- - {o1
1 1 :
1 - 10¢
uUN 833 ] 2961 nvr Jog

83



€961 ONIYNG €-0 “3M %04

Y Old

g2 °

a

g e o

o‘
"

o

o
JON3IYYNID0 LN3JY3d

o
N

S1HOI3H H3AV1-3 1V S3ILINVINO3NYI G3NOITY Q1314 WONS H3LLIVISHOVE
1S3
24 2] el 9 0O ¢ve 2] el 9 0 8! el 9 0
| il ik it et Ak b B4 00 A0 DA MG AR AR AL LS DA A AE A8 RS s ] 1#344-1].33; pa i bk Bl At il Bl ik ik B A 0t 0 A0 00 A0 0 a0 A A At b s i |
o y
# - 3NTWN0 ON 1
930 AON ] 190 ]
r ,qijl i el 1o o
N . 5____ ] __= il i1}
-1 m =
. onv §
d3s _ 3N S! YNOH 40 4IVH GNOJ3IS . ne |
MN S1 ¥NOH 40 SIVH 1S¥13 1
v TS - L
I LA e :
) Nae *1903vs § oy ] ¥dv
v
| R B Ak Al b i Bl b A DA A AR AA AL AN MG A0 A Ak A as it s ]
] ] _EE__.E " S |
* 5 n
32M3IYUN020 ON ] 32M34UN00 ON i
v 834 £961 NV ]

3

ge o

R

84



96! ONINNG €-0 *Iy% yO4

© O

o
N

SLHOI3H ¥3AVI-3 LV S3ILIYVINO3NYI Q3NONY Q1313 WONS NILIVISHOVE
153
82 9 0 b8 2 9
- 1T I..'._._EE._E _E=_ !
930 _ AON
g
g B Ak ==c=.=u 08 o
i ony ] ]
d3S _ 3N SI ¥NOH 40 ITVH ANOI3S B ane
MN SI HNOH 30 4TVH LSHIS
dq- -q. TVIvYeY 1 8400008 00 a0 4 g | qu.nlqul. < | s Eu “.“‘-411-1-414. TYY TV VIV T YT YVIvVIvYYY .EG.IL
il I - L
4 L 1
NOr *3903va 0,y ] ¥aV
- 3vi [
[0 2400 VY T ' g l-ﬂh.h“ ™ - vy :._. TYY TV TV TV T YT Y YYyY c.: Yrreeey _J
| °F -
L) - J =
- - -
yYN 834 $961 NV

o

o
"

o

0¢e

ce

g8 Qo

3ON3¥YNOD0 1N3DY3d

85



ve 8! l 9 0o

Ty

T[T il

[ R S S S |

930

_ G961 ONINNG €-0 ‘I HO4
SLHOI3H ¥3AVI-3 1V SIILINYVINO3NYI G3NOINV G131 WON4 H3LIVISHNOVE

1S3 .

e 81 el 9 0 8i 9 0

Gl Bl B (i ol Bk Bl i B o B Bl B Ak 8 kA Ak Ah b hi

111! 0 | B ,-_____.E..
|_
AON _ 120
L Ty T
. - 4
onv ]
3N SI YNOH 4O 4IVH ONOD3S | nr |
MN S1 ¥NOH 40 JTVH L1Su14
_ _ - | oU T
i -
4 -
- -
$39 9 3v3 Q AVWN .“. ¥dv L‘
vi ]

MLt B Bt A Bl Bl A A A R A0 RARAASAS AAAS A& AL LA A AL A |
v ] T s g
1 1
833 $961 Nvr

9 914

0
o1
0¢

(0}

ol
oz &

N3H3ND300 1N3OM3d

o]
o4

og

86



G961 - 1961 ONINNG 6-¥ “IN YOI HLNOW HOV3 HOJ MILIVISHOVE HIAVI -3 39VH3IAVY 4 94

1S3
2] cl 9 0 2 8l [4) 9 0 8l 2l 9 0

230 1 A AON 120

. ot
[ it bt nos g b i ot d ot a et i dd b it bt b At 0t ] 333“1”1”1 ™ [sanaad i ids Mdadanadlacassaasazacagss ol s BE2 00 0 o
il I il
cosy ﬁ J._lb —-— n o—
43s onv UUI" ] e Joz
géj 5 141411121..3-@13 -0
| ; il = ] | E ,
i i T T
] AVN T .,_ 40¢
gl | | - {os
NOPF A "IN Si UNOH 40 JTIVH ONODI3S .u ¥dV A
- MN S| HNOH 40 JTVH L1SH1d .F S0
[T T TV VYT IO T T YTy YYeTY Y Ty aSS A0 AL MM MMM MM AASEAAMA MM [ M ASALARARAE 04000 NS AAAE MAMAMEAAAA LS 0t 00 aa At i ]

'3993vi

) T

i 1 ! e

YN il 834 .“ Nve n.OQ

JON3YYNOO0 LN3ID¥3d
87



1961 ONINNG €-0 ‘I ¥O4
SL1HOIIH Y¥3IAVI-J 1V SIILINYINO3NYI G3INOINY Q1313 WOH4 HILLVOSHIVE 3 914

1S3 .
tN w_ N_ w OQN c_ N_ w oem m_ N_ w u

h 4
J : 02
930 ] AON ] 2 log
[l A8 00 Ra At 0l RS RS AS AL LA M 04 MMM B4 AL MM AR AZ AR AS | [ MAAAARAA AR AS MASAL AL AL RS A8 0404 A AS M RASE AL A4 Ad 44 | | b At At bl 20 b2 is ad nsadad haad ae e asas naaasasheosd
or E ] 01 ) % 4.0
h 9 hJ
] i o m
i onv . ~02 &
as ] © log 3
d3s _ 3N S1 HNOH 30 3TVH ONOI3S M -og M
. MN SI ¥NOH 30 3IVH LSYI3 Q
3‘1133133 313‘31‘]
— - ; - T 1™ -0 ¢
[ _ ] _= .2
- -1 ) llo- n
- - . N
i | - 02
] 9e3vif T ;
i : AV 7, I
NAP avs 4 os
-ll=-<1-q<-1d<<--u(uliq- ¥ :] .\ : H'l.o
o I AT T
. - -0t
1 -0¢
L uvw J @34 | ; 196! N¥* _g¢

88



29! ONINNG €-0 ‘Iy yo4
SLHOI3H Y3AVI-3' 1V SIILINVINO3NNI Q3N9INV 01314 WON4 H311VISHOVE 6 914

‘183
BBl B 9.0 % 83 9 o 4

T Lot il Bl Bl A BR e e s | T T TTTTYTYTT TITTTIT T

[ |
| -

PEEEH ATy

| T T R

i 1

§_A%_ T
<

onv

l_Llltxl-

o¢
3N S1 ¥NOH 40 J4TVH ONOD3S

.= (o]
(07
- ane o¢
MN S| HNOH 40 4VH 1S¥I4

TTTTTITTYTYT] 533 T T T T T T T T T T rTY

; i) 7 Z.T_._._ || ”o

, Jor
4av o

Nar ] 99 wH m AV

T I el Bl A B o ik i ot il B bk Akt o i | T T T T T T T T I I I Ty v Madas

==ﬁ_5 o e J%%Eaﬂ T 10
= + {01

e

uvw ] 834 2961 Nvr ]

30N34¥Y¥N220 LN3DN3d

89



€961 ONIYNA €-0 43X <03

S1HOI3H H3AV1-d 1V S3ILIMVYIN93¥YI GINOITVY 1314 WONS mm._x_,<omxo<m Ol 915
1S3
ve ]| el 9 0 ¢ 2] 2l 9 0 2 81 el 9 0
DS AA s At 0 DA ACAS A A 00 M AEALAL LALS M REAS AL A e | aAaasanaaan aana e s anan g a0 s o g L S e )
______ 1 N | 1ot
1 - L AON
o3a AON ] 190 Jge
oo . - y 10
P . ] TP 4
,ﬁ . . . 101 2
- -4 B
. nv H02 m
il 5 3N SI ¥NOH 30 JTVH ANOIIS ] =
£ls MN S| ¥NOH 30 JIVH LS¥I14 L2 Qom M
e ————— . 8
o 1 n 7 c
R - 1T o 3
- - 4101 m
4 . e b4
. . {02 @
iy 498 3vs J i HdV 1
Nae | wap MW - Jog
(a4 0008 000 00 REAS LM AS SRS MRS ASASALAS A AEASAE S o] (ad A2 0 0 00 A0 A2 AR RS AL AC I Ra AMRR AL AL RARARRRERE Y]
e 11111 ] ~o] __.___% 17
i - _ 10
1 ]
1‘ ._ON

HVN

834

90



- P61 9NINNG €-0 ‘dy yo4
SLHOIIH ¥3AVI-4 LV SILLINVINOINYI G3NOIY Q1314 WoNd H3LIVISHOVE 1914

153
i R R TR o S - S N N

u._._--_.-q T TTTTTT Y

o L T i .mn-.u TrrYY I-. T 7T T T -..___...-...1 o
o = o!

102
230 AON |._ 120 Jdo¢

- . {oi
- anv | 402

d3s | 3N SI ¥NOH 40 41VH ONOI3S - e Joe
MN S1 ¥NOH 40 3IVH LSHI4

3ONIYYNODO INIDMId

49 % 3v4 B HdY 1
NOP u 3vs AN ] -0t

el B dok Aok Ak b bt et et | T RrTTTYTT] T T T T T T TYTYY Ll s aianas o] T T T T T T T T I Ty rTrTTYYTYT TFr rerererm n

91



i S0 RO

SLHOI3H H3AV]

G961 ONINNG €-0 *dy .04
-3 1V S3ILIYVIN93YYI GINONY Q1314 WOl 4 H3L1voSMovE 2l 914

1S3

2l

bl ol Rl el B b Bl i B | T Ty

T =

._E...u'w

e B e Bl B9 0 2 8

LAl B0 Bl ol o

02
o€

23g AON ] 120
LA i Rl Bl £ 1 4 Lk | |-_....1.|1-I._ | ol el A Beb Bl b b2 na s | TET Ty .1..-1.' T T T YYYTITYT T T IL o
—E “ _‘ = == ) (4]}
4 X ony _ ’
T 3N S1 ¥NOH 40 4TVH GNO23S r
. AN S| HNOH 40 ITVH LSYHI4 u »
Ll bl Bl Al bk i bkt b | T rrIrre ey _| T YT B Ak bt Bl B A 2 T TrRrrrrryY h..l r T L2 A il ik bl A A it bt i o | n
u
== . - %O_
1 9 93vi j 1
NOF _ AN Hdv
vi ] ot
T T e A et k| T ] ﬁgiig-ﬂi:j YT bl A |

&

3ON3¥Y¥NO20 LN3OY3d

&

834

92



G961 - 1961 ONINNG 6-b “I) ¥O4 HLNOW HOV3 HO4 HILIVISHOVE H3AVI-d 3F9VH3AV €1 914

ve 8l | 9 0

1‘1‘1111‘411110“.1331114‘13

1 T L

[acaaseasaatdiasdadhiiane M asassannssalasasssnsas]

L ,“

NAr

[aona s ad A AR AAAdid aaasle s hd s o asasan asasasns ool

G.J__— ;.ﬁ—é 14§

4

|

i

T VN

AON

‘3N St ¥NOH 40 4TVH GNOD3S
MN S1 YNOH J0 4TVH 1SH!1d

-_- =-_ =-—
190 B}~ d Caz

398 3vs ]
vy ]

onv

AV

==
__

=

834

L
-

.

.

-4

.

| 120

ane

[nadanaliashasad SR AR RS Rl ot anaaaaRate o E2R2 2T )

1L

ddv

Iaaasasasnsnsasas SRR SRR e s s s o Rt o dasng ol
uitl

!
!
| !
i)

Nvr

10!
1oz
-10€
-“0v

oY)
02

| S S |

1

ol
0¢

L

L

10

10€

3ON3YYNIO0 LIN3OY3d

93



30 F

o o

OHI3 JO SHNOH 30 H3IBWNN

94

DELAY (msec)

FIG. 14. RANGE DISTRIBUTION OF FAE's DURING THE SPRING SEASON, 1961~ 1965
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