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SUMMARY

Ionospheric scintillation and total electron content variability
analyses have been conducted on several fronts.

| . Coordinated phase and amplitude scintillation and multitechnique
i irregularity measurements have been performed in the equatorial region.
? ¢ The multitechnique measurements include radar backscatter, rocket and
I satellite in-situ, airglow, and ionosonde. These studies have pro-
vided much insight into the transionospheric radio wave propagation
problems associated with irregularities in the nighttime equatorial F
region. The relationship between plasma depletions, 3-m irregularity
structures, and bursts of scintillation activity (patches) leads to
> the association of different phenomena sensitive to different scale-
lengths of the irregularities. The information on the varying be-
’ havior of these scale-sizes are discussed in the context of current
theories of plasma instability. The coordinated measurements have
been integrated to study the time development, motion, and decay of
the irregularity structures.

A large data base of 137 MHz observations at three sites along
the 70°W meridian has made it possible to develop a morphology of
| scintillations as a function of time of day, season, and magnetic
activity. These were then formulated into empirical analytical ;
models for each station, subject to varying irregularity configura-
| tions.
Scintillation measurements conducted during ionospheric heating

by high power high frequency radio waves are used to explore artifi-

solar maximum period (solar maximum 1978-79). The implications of

these results on modern satellite ranging systems are discussed.

cial irregularities generated in the overdense and underdense cases g

of heating. A portion of these results are applicable to the proposed i

Solar Power Satellite (SPS). 3

Faraday rotation measurements of VHF radio waves from the SIRIO ?

satellite have been used to determine the statistics of variability of . §

* ionospheric time delay in the Mediterranean region for the current ;
!
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The Localized Origin of Equatorial F Region Irregularity Patches

JULES AARONS AND JUORGEN BUCHAU

Atr Force Geophysics Laboratory, Hanscom Air Force Base. Massachusetts 01731

SANTIMAY Basu!

E ! College, B . Massachusetts 02115

J. P. McCLURE

U nicersity of Texas at Dallas, Richardson. Texas 74050

An antensive study of mighttime irregularities of electron density in the cquatorial ionosphere was
performed in October 1976 by making 50-MH«z radar backscatier measurements at Jicamarca, Peru, and
sanullation measurements of 249-MH7 transmissions from Les 9 at two ground stations (Ancon and
Huancayo, both in Peru) as well as by aircraft flying in the vicinity of the stations. The 137-MHz
scinullations (rom the orbiting Wideband satellite were also recorded at Huancayo. The results of such
measurements made on October 16-17, 1976, are discussed in this report. We find that on this particular
mght ua large-scale irreguiarity patch evolved first in the west, as was detected by the radar at Jicamarca,
and dnfted eastward to cause successive onsets of scintillation activity on propagation paths from Ancon
and Huancavo The observations indicate the east-west dimension of the large-scale structure to be 400
km drifting castward at a speed of approximately 100 m /s, having a lifetime of several hours, and
contaiming a hierarchy of irregularity scale sizes in the range of kilometers 1o meters causing both

scintillations at 249 MHz and radar backscatier at 50 MHz.

INTRODUCTION

Theoretical studies, computer modeling. and experimental
vbservations through radar backscatter and rocket and satel-
lite 1n situ measurements have provided a greater insight into
the formation of those equatorial irregularities which lead to
deep sontidlation of UHF and microwave transmissions
through the jonusphere (see review by Basu and Kelley [1977)
and references therein). The picture that emerges from these
studies points to large-scale irregularity structures, tilted usu-
ally ta the west, having an cast-west dimension of up to several
hundred kilomeiers. extending to altitudes as high as 1000 km,
and contaiming a hicrarchy of irregularity scale sizes in the
runge of scveial tens of kilometers 10 a few meters. Such
irregulanties of 10nization are thought to result from the gen-
eration of large-scale plasma depletions in the bottomside
ionosphere which rise rapidly upward against gravity, hke
‘bubbles’ or "plumes.” into the topside ionosphere.

Scintillattion activity in a transionospheric VHF/UHF com-
munication lL.nk results when the electron density deviation
AN of irregularities with a scale size of about 1 km is suf-
ficiently large. It is well known that at night in the equatorial F
region, strong irregularities of electron density with different
scale sizes exist, and these irregularities are most commonly
observed to have a monotonic power law spectrum [McClure
and {anson. 1973, Dyson et al., 1974]. By considering the
above irregularity power spectrum, Basu and Basu [1976]) dem-
onstrated that the in situ ANV measurements are compatible
with the simultaneous ground-based scintillation observations
at 6 GHz. In view of the above studies, one can assume the
coexistence of irregularities in the scale size range of several
tens of kilometers to several meters, although the in situ obser-
vations referenced above indicate that in certain (exceptional)
cases, irregularities may have most of their spectral power

' On leave from the University of Calcutta, Calcutta, India.
Copynight © 1978 by the American Geophysical Union.

either above or below a scale size of the order of | km. In
general then, microwave fadings are likely to be associated
with the plume structure seen on 50-MHz backscatter as was
predicted by Woodman and La Hoz [1976). Under those back-
scatter conditions when the plumes do not extend far into the
topside ionosphere but still the product of thickness and AN is
large, microwave fadings may also result. Most of the theoreti-
cal studics deal with the generation and motion of the small-
scale structures within a large-scale bubblie or patch { Woodman
and La Hoz, 1976; McClure et al., 1977]. In this report it will
be shown that the generation of a large-scale bubble can be
very localized and that a bubble can maintain its integrity for
several hours during its eastward motion.

OBSERVATIONS
Ground Measurements

A series of 50-MHz radar backscatter observations from the
Jicamarca Observatory of the Instituto Geofisico del Peru was
made over u period of 2 weeks in conjunction with a large-
scale ground and airborne campaign to study scintillations. On
the ground, observations were made of the synchronous satel-
lite Les 9 beacon, transmitting at 249 MHz, from two different
sites, Ancon and Huancayo, both in Peru, and also of the
orbiting Wideband satellite transmissions at 137 MHz from
Huancayo. Figure | shows the gcometry and geography of the
observations. The 400-km subionospheric intersections of the
propagation paths from Ancon and Huancayo to Les 9 and
the subionospheric tracks of the Wideband satellite transit are
shown. The Jicamarca vertical intersection is farthest west,
while the two oblique paths to Les 9 are to the east of Jica-
marca. If the time of sunset determines the timing of appear-
ance of irregularities, then the Huancayo path should observe
scintillations first, followed by Ancon, and finally, Jicamarca
would record backscatter from irregularities.

Figure 2 shows the results of simultaneous radar and scintil-
lation measurements made on October 16-17, 1976. The top
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Fig. 1. Geometry of radar backscatter and scintillation measure-
ments on October 16-17, 1976. The ground locations of Jicamarca
(). Ancon (AN), and Huancayo (HU) are indicated. The sub-
ionospheric locations (400 km) of Les 9 observations from Ancon and
Huancayo between 0100 and 0500 UT are shown. The subionospheric
tracks of the Widebangd satellite between 0319 and 0332 UT corre-
sponding to 300, 400, and 600 km are also shown. The western
coastline of South America is indicated for reference purposes.

panel shows the range-time-intensity plot of 50-MHz back-
scatter obtained at Jicamarca. Since the original digital power
maps (Woodman and La Hoz, 1976] are difficult to reproduce,
we have redrawn these and displayed the echo intensity at only
three logarithmic power levels relative to the approximate
maximum incoherent scatter level. The next two panels illus-
trate the time variation of scintiliation index S/ (in decibels)
recorded at Ancon and Huancayo on propagation paths to Les
9. Compuaring the three panels, we find that the initial appear-
ance of backscatter in the Jicamarca radar is followed by the
onset of scintillations at Ancon and finally at Huancayo;
clearly, a localized irregularity patch was generated over Jica-
marca or to the west of it an has moved eastward. This is of
course based on the usually justifiable assumption that the
kilometer-size irregularities causing scintillations coexist with
3-m irregularities giving rise to 50-MHz backscatter. Using
the geometry of Figure | and the timing of the onset of irreg-
ularities, we measure an average castward drift speed of the
irregularity structure as 100 m/s. The cross-correlation analy-
sis of scintillation data acquired at Ancon by use of antennas
separated by 366 m in the cast-west direction on October
16-17, 1976, also provides an average eastward drift speed
of 116 m/s. This is in agreement with the previously reported
values of Woodman [1972]. When the duration of the scintil-
lation event is combined with the observed drift specd, the
patch dimension in the east-west direction is found (o be
about 400 km. The correspondence between the radar map of
Jicamarca and the scintillation measurements at Huancayo
with u delay of 90 min indicates that the irregulirity structure
retained its integrity between the twy stations for at least 14
hours. The total of 3 hours between the first appearunce of
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plume at Jicamarca and the end of scinullation at Huancayo
indicates that the 10tal lifetime of the irregulanity patch may be
at least 3 hours,

On October 16-17, 1976, scintillations of the 137-MH/
transmissions from the orbiting Widebund satellite were re-
corded at Huancayo between 0320 and 0332 UT. In Figure |
the subionospheric tracks of the satellite transit corresponding
to three ionospheric heights, 300, 400, and 600 km, are shown.
The portion of the track marked by the solid line indicates the
presence of scintillation, while the dotted line indicates the
absence of any scintillation. Considering the 400-km track. we
find that scintillations were extant between 66°W and 72°W_If
we assume that the irregularity structure front (castern edge)
causing the onset of Les 9 scintillations at Huancayo had
reached the 66°W location at 0320 UT. a drift speed of 160
m/s for the irregularity patch is obtained. This speed is consid-
erably higher than that derived previously for the paich during
its passage from Ancon and Huancayo. From Figure | we find
that in view of the low elevation angle of the transit the
subionospheric tracks for the three aluitudes are considerably
displaced. This poses problems in locating the irregulanty
structure und deriving the drift speed. For example, o we
consider the 300-km track, a drift speed of 110 m/s, more in
accord with the previously derived drift speed, may be ob-
tained. The latitudinal extent of the track exhibiting scintilla-
tions is found to be about 20°. Owing to the low elevation
angle of the satellite, there exists the possibility that the satel-
lite will encounter discrete irregularity patches, and hence it is
difficult to arrive at a definite conclusion regarding the latitudi-
nal extent of 4 single patch.

Airborne Measurements

Two aircraft were used to observe scintillations from Les 9,
one from the Air Force Avionics Laboratory (AFAL) and the
other from the Air Force Geophysics Laboratory (AFGL).
The subionospheric flight paths of the AFAL and AFGL
aircraft are shown in Figure 3a. The heavy-lined portions of
the track signify the presence of scintillations in excess of 12
dB. the moderately heavy lines indicate 6- 10 8-dB scintilla-
tions, and the thin lines represent the absence of any scintilla-
tions. In Figure 35 we show the time variation of scintillation
as recorded by the AFGL aircraft. The aircraft flew on paraliel
paths such that the initial portion of either subionospheric
track was inclined at about 10° to the east of the magnetic
meridian, while the later portion of the wrack was approxi-
mautely in the magnetic cast-west direction. From Figure 3b as
well as the flight path map it may be noted that the AFGL
aircralt encountered two scintitlation events. the initial event
being in excess of 12 dB and the later event having a level of
about 8 dB. The subionospheric flight map of the AFAL
aircraft shows that it also encountered one strong and one
weak irregularity patch. The propagation path from the
AFAL uircraft to Les 9 seems to have entered the castern edge
of a strong irregularity patch at 0210 UT and to have emerged
from it at 0306 UT. Strong scintillations as high as 25 dB were
recorded by the AFAL aircraft during some periods between
0212 and 0303 UT. The AFGL. aircraft, flying to the east of the
AFAL wireraft, recorded strong scintillations between 0248
and 0329 UT. If we consider that the eustern edge of the strong
irregularity patch initially detected by the AFAL aircraft at
0212 UT drifted eastward to the subionospheric location of the
ALFGL gireraft propagation path a1 0248 UT, then an east-
ward dnft speed of 100 m/s is obtuined. Further, if we assume
that the ircegulurity patch extended southward all the way to
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Fig. 2. Temporal variation of the 50-MHz radar backscatter observed at Jicamarca and scintillation index S/ (in decibels)
of the 249-MHz transmissions from the Les 9 satellite recorded at Ancon and Huancayo on October 16-17, 1976,

the magnetic equator, then the ends of the first scintillation
event recorded by both aircraft are to be related to the passage
of the western edge of the patch. Considering the duration of
the scintillation event with the derived drift speed an east-west
patch dimension ranging from 250 to 300 km is obtained. This
is consistent with the typical data from the AE-C satellite
presented by McClure et al. (1977). The irregularity patch
detected by the AFGL aircraft was located approximately 10°
north and 4° west of Jicamarca, the position of which is
indicated in the diagram. Irregularities of kilometer scale size
are expected to be ficld aligned, and these ficld lines pass over
the equator at altitudes of approximately 600 km. Considering
the drift speed of 100 m/s these field lines should have drifted

castward to the Jicamarca meridian at about 0400 UT. The
radar map obtained at Jicamarca does not, however, exhibit
the presence of any 3-m irregularities at this time. It is not clear
whether the absence of 3-m irregularities is related to the decay
of the patch during its passage to the Jicamarca meridian or
whether the irregularity power spectrum had little spectral
power at the meter wavelength end. Comparison of irregular-
ity spectral power at kilometer and meter wavelengths in the
equatorial ionosphere is being actively pursued [ Woodman and
Baxu, 1977).

Over the magnetic east-west portion of the flight paths,
weak scintillations were recorded by both aircraft. The mea-
surements indicate that the AFGL aircraft encountered 8-dB
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Fig. 3a. Scintillation measurements of the 249-MH7 transmis-
sions from the Les 9 satellite made on October 16-17, 1976, with
aircraft flown by the Air Force Geophysics Luboratory {AYGL) and
the Air Force Avionics Laboratory (AFAL). The subionospheric (300
km) flight paths of the two aircraft are shown.

scintillation levels whereas the AFAL aircraft encountered 6-
dB levels, although the latter path was closer to the magnetic
equator. Since the two aircralt did not cross the same meridiun
at the same time, it is difficult to separate the spatial and
temporal variation and to comment on the latitude varia-
tion of the irregularity strength. During the castward flight
the AFGL and AFAL aircraft crossed the Jicamarca meridian
at 0450 UT and 0520 UT, respectively, and detected about
6-dB scintillations. The Jicamarca radar did not detect any
3-m irregularity structure at this time. This is not surpris-
ing in view of the low level of scintillations observed.

The initial appearance of plumes in the early part of the
night at the westernmost location of Jicamarca as observed on
October 16-17, 1976, should be viewed as an exception rather
than as the rule. In general, the activity on a given night starts
on the eastward propagation path before it starts on the west.
The illustration shown in the work of Bandyopadhyay and
Aarons [1970] indicates that for only 20% of the time, satellite
scintillations on a westward propagation path start before
those on an castward propagation path.

In order to illustrate this aspect of the problem we compare
simultaneous radar backscatter and scintillation measure-
ments made on October 17, 1973, 3 years earlier than the
present set of observations. The bottom panel of Figure 4
shows that on this night, radar backscatter measurements were

BRIEF RePORT

made at Jicamarca [Woodman and La Hoz, 1976) and simulta-
neous scintillation measurements were made at Huancayo
with the 137-MHz transmissions from ATS 3 and the 254-
MHz transmissions from Les 6. The subionospheric locations
of ATS 3 and Les 6 corresponding to anonospheric haght of
350 km are indicated in the diagram. The top panel shows the
range-time-intensity plots of 3-m irregularity structure ob-
tained with the 50-MHz radar at Jicamarca, It may be ob-
served that a thin irregularity structure evolved at 1925 LT.
persisting untl about 2000 LT, when a plume structure devel-
oped. The second punel shows the development of 137-MH/
scintillation at Huancayo, the subionospheric location of ATS
3 heing 1.9° to the cast of Jicamarca. It may be noted that
scintillations on ATS 3 developed after 2010 LT and a sharp
increase from 6 10 22 dB occurred after 2030 LT. When the top
two panels are compared, it is found that scintillations imme-
diately to the east of Jicamarca occurred after the development
of irregularity structure over Jicamarca. It we assume that the
plume structure observed over Jicamarca drifted eastward to
cause the sudden increase of scintillation on ATS 3. a drift
speed of 116 m/s is obtained. If we now observe the third
panel. which shows the development of 254-MHz scintillation
on Les 9, the subionospheric location being far to the east with
a longitude separation of 4°16’ from Jicamarca, we find that
the onset of Les 6 scintillation occurred slightly earlier than the
onset of ATS 3 scintillation at Huancayo. This scintillation
structure (marked A in Figure 4) observed on the Les 6 propa-
gation path cannot be associated with the drifting irregularity
structure observed over Jicamarca but must have been caused
by an independent irregularity structure developing to the east
of the Huancayo ATS 3 ray path. In {uct, the sccond scimtilla-
tion structure observed on the Les 6 propagation path after
2100 LT (marked B in Figure 4) could be associated with the
plume structure at Jicamarca and the first scintillation struc-
ture on ATS 3 if we assume an average drift speed of about 130
m/s. Comparing the set of observations made on October 16-
17, 1976, discussed in detail above, with the sct oblained nearly
3 years earlier, also discussed above, we conclude that on
certain nights a single irregularity structure may evolve and
while drifting eastward may cause scintillations to occur as
long as it persists, or a series of irregularity patches may evolve
and while drifting eastward may give rise to a series of scintil-
lation structures. Thus the location of generation of the irregu-
larities, their drift, and their lifetimes dictate the time evolu-
tion of the scintillations observed at a given ground station in
the equatorial region.

Di1SCUSSION

Our results indicate that intense 3-m irregularity patches
detected by the radar are associaled with strong scintillation
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Fig. 35. Same as Figure 3a but showing temporal variation of scimtillation index 87 (in decibels) recorded by the AFGL
aircratt.
5




AARONS IT AL BRIEF REPORT 1663

JICAMARCA
50-MHz BACKSCATTER
OCTOBER 17, 1973
800~ [ BRIYT]
i v/ 2468

F L1 1248

600+

*r gk@ e
1'_ M
)

25~ JuANCAYO
20~ ATS 3 137Mz

a
b ISr
o M—
s
IPU S SU R 3 1 1
2000 2100 2200 2300 0000 0100
251 juancavo
_20r LES 6 234 M
[ ]
A 5
@ IOF
s
P cumr REPUNNE T Shan (S G S | PUNEN VRN SN G U W I A
2000 2100 2200 2300 0000 0100 LT(75°W)
L 1 1l " 1 1 J
ol 02 03 04 05 06 uT
.3 tH
- !’ (o] o]
S | ATS 3 LES 6
2 SUBIONOS SUBIONOS
- x
w2
3 b'“""‘c‘ HUANCAYO
N by N ;
17 76 78 74 73 T2
LONGITUDE (°W)

Fig 4. Comparison of the 50-MH/ radar backscatter map obtained at Jicamarca on October 17. 1973, and scintillation
measurements made at Huancayo with the 137- and 254-MHz transmissions from the ATS 3 and Les 6 sateliites,

respeatinedy

events. Thus, in general, the kilometer-size irregularities are
obtained when the 3-m irregularities are present, a finding
which is of course predicted by the theory. Although they are
not covered 1n this preliminary report, we have found cases, in
particular during the postnudnight period. when patches con-
taining kilometer-size irregularities were obtained without any
associated radar event. It seems that on occasion the turbulent
energy fails to cascade down to meter scale sizes. We expect 1o
obtain aore information in this regard from radar and scintil-
lation measurements performed on a common ionospheric
volume during March 1977.

We have shown that the radar backscatter and scintillation
measurements are consistent with an castward drift speed of
irregularity paiches at about 100 m/s. The scintillation obser-
vations as well as transequatorial propagation experiments
indicate that irregularity patches can move past a fixed propa-
gation path within i few tens of minutes to a maximum of 100
min, the lutter figure being reported by Rarger (1976). Com-
hining the deft speed with the duration of the scintillation
event, we ublain cast-west patch dimensions of several hun-
dred kilometers. This is consistent with the recently published
in situ resulls [McClure et al . 1977). We have shown that the

radar map corresponding to a single scintillation patch may
exhibit considerable structure. The simple scintillation event
observed on October 16-17, 1976, was associated with the
radar event showing two piumes joined by a thick region of
intense irregularities at fow altitudes.

The generation of irregularity patches is indeed very local-
ized, as was revealed by muitistation scintillation measure-
ments made with an east-west ionospheric separation as smail
as 175 km. The lifetime of the large-scale irregularity patches
has been shown to be at least several hours.

The localized nature of irregularity formation and the di-
mensions of the patch indicate that very large scale giobal

patterns of winds and tides cannot be used to determine the .

physical conditions necessary for the generation of the irregu-
larities.
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COMPARISON BETWEEN IN-SITU SPECTRAL MEASUREMENTS
OF +-REGION IRREGULARITIES AND BACKSCATTER
OHSLRVATIONS AT 3 m WAVLELENGTH?

R. F. Woodman
National Astronomy and fonosphere Center,
Arecibo Obscrvatory, Asecibo, Puerto Rico 00612

Sunanda Basu
Emmanuel College, Boston, Ma 02115

Abatract. bn situ measurements of equatonal clectron density irregulari-
ties i the Foreaon by tockets and satelhtes have yielded a power-law
form of onc-dunensional wave number spectrum of spectral index 2 in a
direction transverse to the magnetic field over a scale size range of several
km 1o several tens of m. Equatonial scintiliation measurements in the
WHE UHE band which are most sensitive to irregulanties ot several km
to several hundred m are consistent with the in situ spectral results. The
hackscatter measurerments made at Jicomarca at 50 MYz provide an
addittonal - measurement of the spectral power at 3m wavelength.
Computations are presented for the backscatter intensity expected from
wregulanties with power law spectrum m the transverse direction but
which are ntinitely elongated along the magnetic tield. The computed
nteasity is compared with actual backscatter measurements and corre-
lated santtlation obscivations. 1t is found that in order to reconcile
the  backscatter  measurements wath  the  amultaneous  VHE/UHF
santillation observations a gaussian type cutoff of the powerlaw
spectium is necessary gt m wavelengths near the O° ion gyro-radius.

Introduction

It mewsurements of spectral charactenistics of F-region equa-
tonal wregulanties using both sateblites and rockets have yielded a power
law tvpe ot irepularily power spectrun between scale sizes of several km
tosevergl tens ot m (Dpsone et al, 1974; Costa and Kelley, 1976 Morse
etal  1977) The spectral index was usually found to be approximately
twe for one-dupensional micasurements perpendicular to the carth’s
wagnetic fiedd Hasie and Busu (19763 utilized such a power spectrum i
wonjanction with Opao-t: observalions of latge irregularity amplitudes and
Lirge cuter seale sizes to explain both satured VHF and moderate Ghz
sernbillateon

11y tmportant 1o note thar for scintillation icasurements in the
VHEUHE band the Fresnel dimensions are of the order of a km to
several hudred i As mentioned ahove, this range has been covered by
exising sty measureinents. On o the other hand, the maps of
hackscattered power obtaned with the Hcamarca radar at S0 MHz by
Woodman an: Lalloz (1976) provide us with mformation regarding
spectral power or arregularities at 3 m o scule length, The 3 m length is
outside the range of previous and casbag inssity mstrumentation. Thus a
comparson  of santdlahion and  backscatter observations should, in
ponaple, exiend the domam over which spectral charactenstics of
wregulatities can be inferred and this 15 the purpose of the present note
For this. we asaume an arrepulatrity madel which s consistent wath
ety nesirements and getermine an cleciron density deviation using
s model and observed santiflation data. We then compute  the
havkscatter that should he obsecved witl suc o magpitude of electron
densety deviation and compere it with actual correlated radar observa-
1oHty

Scwtillation and Radar Backscatter Computations

An opporiuty to make correlated «bservantions of scimillation
and backscatter was provided dunng the equatorial irregularity compaign
wonducted byt the A Force Geophysics [oboratory in October, 197¢

Tiewnted at Amaran Coophiysical Union Sping Mecting. Washington, 0.0 May,
1977
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(Basu and Aaruns, 1977, Aarons et al.. 1978). In particular, on October
29, 1976 scintillation measurements were conducted from Huancayo on
the ATS-6 satellite when it was being moved from the eastern to the
western hemisphere. Rather fortuitously, the ionospheric intersection
pont at the 350 km level was 11.3°S, 76.6°W approximately 30 m east
of the Jicamarca radar location (11.95°S, 76 87°W). The simultaneous
backscatter and scintillation observations are shown in Figure 1

The backscatter map obtained using techniques similar to that of
Woodman and LaHoz (1976) was kindly made available to us by Dr. J. P.
McClure. The digital map ohtained using 8 levels between 6 and 48 dB s
rather difficult to reproduce and this the map has been redrawn to show
4 ditterent intensity levels approximately above the incoherent scatter
returns obtained from thermal fluctuations in a plasma with density on
the order of 10'2 electrons/m3. Similar maps have been discussed in
detail by Woodman and LaHoz (1976) and we shall only comment on
the fact that at 2100 LT, the Jicamarca radar observed a 200 km thick
irregularity layer in which the intensity of the backscatter echo varied
between 30 and 42 dB above the cuherent scatter level.

At the same time. the 360 MHz amplitude channel recorded a
peak-to-peak fluctuation of ¥ ¢B equivalent to the theory-based index
S4= 0.4. The 137 MHz channel was observing large amplitude scintilla-
tions in excess of 20 dB. The moderate level of the 360 MHz scintillation
made it possible to use weakscatter theory for the estimation of AN. We
used equation (5) of Costa and Kelley (1976) applicable to anisotropic
irregulanties with power law spectrum in conjunction with the observed
irregularity layer thickness of 200 km and assumed an outer scale of 20
km (Basu and Basu, 1976) to determine the value of AN. The magnitude
of AN so obtained for S¢ = 0.4 is 6 x 10'® m3. The AFGL aircraft
(used in Peru as part of the equatonial irregularity campaign) with a,
digital ionosonde on board was unfortunately not operating on the night
of October 29, 1976. However it did observe a plasma number density of
6 x 10'! m3 (f,F2 of 7 MHz) on the following night at 2100 LT near
Jicamarca (J. Buchau. private communication, 1977). Thus irregularities
with amplitudes on the order of 10 percent were probably causing the
scintillations as well as the associated backscatter.

In the Appendix., we have derived the pertinent equations for
computing hackscatter from irregularities which are infintely elongated
along the magnetic field. It s shown that, if the one-dimensional wave
number spectrum is given by

- C AN 2L 3 ("
olkx) - sk Lot )

mn agreement with in-situ observations, then the three dimensional
spectrum for cylindrically symmetric irregularities infiniteley enfongated
along B is given by

SN2 > Lot 8 tkn)

2,282 &Y
2n (1 + k;“Lo%)

¢ (k)=

where L, is the outer scale of irregulantics with r.m.s. electron density
deviation AN, and ky and k; are wavenumbers parallel and perpendi-
cular to the magnetic ftield B. Using equation 2 and considering the
aspect sensitivity of the irregularities we obtain the following relationship
for the ratio of Phk, the backscattered power form irregularities at
distance h, 10 phj the backscattered power frum thermal fluctuations in
the plasma at distance h.
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PE < (aNp > | snTet T
Phi N [1+Kk2102)32 0k

As mentioned earlier, our object is to use the same value oof L, as
used in the scintillation computations togethes with the derived value of
AN from the scintillation measurements to obtain a numencal estimate
of the ratio given in equation ( 3). I the same monotome power law Torm
of the spectrum exists up to wavelengths as short as 3 m, then 1
expected that the computed value of this ratie and that observed m
Fgure | should agree. We obtain instead

Phg:
log -~ = R2dB 4)
Pht

where AN = 6x 101 m™?
N=6x10'"m?
Lo = 20km
k = 209m’
8 = 0102 radians (=0.7°).

The last two paramenters are relevant for the Jicamarca radar.

The observed enhancement at 2100 LT was on the order of 40 dB.
Thus there is a discrepancy of at least 4 orders of magmitude between the
observed radar backscatter power and that given by equation 4

Discussions

The very large discrepancy of 4 orders of magnitude between the
observed radar backscatter and that computed on the basis of a
monotonic power law spectrum is an interesting and unexpected result.
Farley et al., had stated in 1970 that as a rough guess, the rregularities
were at times 107-108 times as strong as those responsible for incoherent
scatter. But with impro ts in experi al techniques, it seems that
a figure of 106 s more accurate. Thus the black portions of the cadar
map in Figure | show enhancements on the arder of 10® times the
incoherent scatter returns. There is some digital saturation around this
level. but the fact that this level is observed over relatively small height
intervals at a time (also for instance in the maps given by Woodman and
LaHoz (1976)) shows that saturation does not occur exte nsively That is,
most of the time the signal is even lower than 48 dB: this is the case for
the signals around 2100 LT on October 29, 1976, husen for these
computations.

Our computations have been based on the power Jaw spectrum
observed by various experimenters using insitu rocket and satellite
techniques. Fredricks and Coroniti (1976) have recently puinted out that
there is no unique connection between the rest frame power spectrum as
a function of scale length and derived power spectrum as a function of
frequency computed from the time series data taken in the moving frame
such as obtained from rockets and satellites. In particular, for the
anisoptropic spectrum considered here, these authors show that aliasing
can be expected. Thus the real spectral index may be different from the
observed index. There is also little experimental information on the
actual value of the outer scale used in the scintillation computations. In
addition, by using a value of 200 km for the thickness of the irregutarity
layer, we tacitly assumed that the km scale irregularities are distributed
in the same way as the 3 m scale irregularities observed by the radar.
However, all these potential sources of error cannot explain the 4 orders
of magnitude discrepancy between the computed and observed back-
scatter power,

It is important to point out here that the 3 m scale length probed by
the radar (s of the same order as the O° ion Byro-radius (R,,) 8t a
temperature of 700K which is appropriate to the nighttime equatorial
tegion under sunspot minimum conditions. Most of the recent theories
specifically developed to explain equatorial spread-F (Balsley el al..
1972; Haerendel, unpublish manuscript, 1974 Hudson and Kennel 1975)
have considered a perpendicular scale length regime much larger than R,
and are thus not applicable to the radar measurements. We shall put
forward some qualitative arguments to explain why it is probable. from
energy considerstions, to expect a rapid fall-off in the spectral power of
the irregularities nesr R, .

The larger scale length srregularities are probably created by
turbulent mixing ot the background wonization i regrons where there s a
primary (or secondary) gradient of 1onezation. Small polarization fields
(ExB/H? - thermal) are sufficient 1o produce the turbulent mixing
whereby parcels of small density are convected 1o regions of fugher
density and vice versa. Such wregulanties are possible only Toe seale sizes
larger than a gvie radins o we wanl ty heep polanzation helds anall
enough and mamtin the quaseneuteahty ot the epalanties. I et
wity (e jonsy wonhd sl gyrate s arecular tegedones aronnd o Ged o
sowly duttog gundie center A soon as we allow tor Largee tields, the
clectrostatie energie comtent of the srregulacties becomes larger it 1t
hecames more ditficall 1o create the irregularitios

It is possibie (o associate with cach magnetic fickd hine 4 papulation
ol rones gyrating around ot with o thermal velocuty distnbation of the
form exp (-miv2/2KT). These wons will occupay a volume in which the
densily is of the form exp (-r2/2R,,2), where r 15 the distance from the
guiding center and Ry, is the mean radius of the tone orbit fiven by
(KT/m P 12/, where w; s the ion gyro frequency. This swarm of jons
can be easily neutralized by the proper density of elections gyrating
along the neighbouring lines. It is impossible 1o create an elementary
volume of gyrating ions with an associated Maxwellian distribution that
has smaller radial extent than R, unless one strongly distorts ther
circular orbits. This distortion would mean the introduction ot stroag
small scale electric fields which we are trying to keep as low as pussibie
(and still have irregularities) based on energy considerations. On the
other hand, it is possible to synthetize any sort of large scale irregularities
by the superpusition of these neutralized elementary volumes of gyrating
ions.

It is to be expected, then, that a drastic cut-off must exist at scale
sizes comparable to the gyro radius. The above arguments suggest an
autocorrelation function of the form

Rir) =<(AN)2 > exp(-r| [lo)« exp(»ri’lkl‘.) (3)

where the asterish implies convolution, The finst exponential term
equation (5), namely, exp (-1 /L), is the experimentally determined
correction function for larger scale sizes. The convolution by exp
(-!,2/ZR"1) limits the smaller scalr to R with a gaussian type of
cut-off. This leads 10 an cquivalent wave aumber spectrum of the
following torm
2 . 2
(AN‘) sle? b thy) exp (KT R

2
20
n (1 +k,; 2 1022 ’

(

hik) =
which in turn gives mstead of equation 3:

PhE <(ANY? > ;Kn:nlﬁz

oo T exp ik 2Ro2/2) M
Put Nko f1+x, 2032
Now R, = 335 m for O ions at a temperature of 700°K for a magnetic
field of 0.3 gauss. [ we use this value of R,, i equation 7. the correction
factor namely exp lk’LR?,/Z). is of the order of 10°'% while an agree-
ment with ohservations requires a correction of the arder 10°% or 1078
Thus to obtain a better correspondence with expenmental results the
value of the radius has to be reduced by g tactor of 1.5, With such an
ad-hoc alteration of the value of Ry, we obtain for the ratio:

Tog M o 5y gp 8)
Phi

which agrees quite well with the cxperimental observations shown in
Figure 1. It 1s well known that a gaussian spectrum 15 very sensitive 1o
the value of the scale size. Thus in cquation 7, a retatively minor
adjustment in the value of R, brought agreement hetween computation
and ohservation,

It a5 our feeling that a break in the aregulanty specirum probatly
cxtsts and that iongyro radius plays o prominent part in determining
It 15 nteresting to note that a steep Tall-off was found in the scattering
crosssection at a perpendicular scale tength of approximately 3 min the
case of multifrequency backscattering from an artificially heated
onospheric votume (Minkoff. 1974). In addition to its obwvious impor-
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tance m the determmation of plasma processes which create the
irtegutanitics. the existence of a steep cut-ott around a few m also has
practical iplications for pulse propagation within the ionosphere. bor
wstance, if the scale length  corresponding to the  break-point s
considered 10 be the eftfective inner scale of the power law spectrum.
pubw broadenmg die 1o scattenng i the 100 300 MHZ band s expeeted
Tt 2 ondess o magmitade tess g methe case mowhiche o monotons
power law spectiom extends all the way ap 1o the Deby fength (Veh
and Lae, 497

We would ake 10 add that recent observations show that, later at
ntght, 1t s posaible to have sanbllutions wathout backscattering echoes
Bavie et al 109, unplying that 1s possible at times to have a cut-off
4 longer wavelengths. This does not contradict our postulate regarding 3
gaussian cut-oft at the won-gyro-radius. We leuve open the passibility for
additsonal factors which would prevent the formation of irregularities at
the short wavelengths. in any case, from experimental as well as physical
grounds we would not expect the k-2 power spectrum to extend beyond
the on pvao radas.

We hope hat these prelinnnary results wall provide an incentive for
kg nelnlequency hackscatter measmenients at frequencies both
above amd below 500 Milz. We would also like 1o suggest the
implementation ol probes with 3 m resolution to determine the exact
value of the break pomt and the actual wave number dependence at the
short wavelength ond of the spectrum.

Appendix

Wo assume an electron density one-dmensional wave number spec-
tram of cquatonal irregianties to be ot the form

‘ .
otk = N, = BN Al
4k n t+rE1d

i agreement with it observations. Inequation A-1, ky s the
wavenumber ma direction perpendicular fo the magnetic fictd Ly is the
outer scale of tusbutence and K is a constant such that

©
STk dhg= - (AN A2
o
where - tANIZ > 172 4y the s clectron density fluctuation

For a one- dimensional woave-number spectrum of the form given in A-L,
thete correspomds g one-dimension coreelation function

2= (AN - exp t-l N Lol A-3

stiee they are a 1 oaner transform pane
I we assume o rotagvonal symmetne three-dimensional correlation
tunction. Ror) anfimitely elongared along the axis, we can wiite.

Rary = (ANZ) - eep gl A4

which, by three dunenstonal Lourtier transformation, corresponds to a
three-dimensional spectrum

| 3 oy
@Pik)= 5 /dr otk Rir)
(2m)

o ANg? Lt Alky) L Al
n 1 +12 0?)372

The subserpts , and g above Libel the paraliel and perpendicular magm
tde ol g veetor component with respect to the magnetic field.

Next we denive the hackscatter returns expected frum irregularifues
with a spectrom given by A-S For highly aspect sensitibe irregularities,
as the ones represented by A-S, we wnte

N S| fad e o g A6
e Jr r (A-6)

10

Where I 1s the backscatier power retum and A 1s a constant of
propostionality depending on system parameters and which includes the
electron scaterring cross section. We differ here with the standard text-
hook expression for P, in that we have written explicitly the antenna
beam-patiern snd radar pulse shape weighting function F(x»® i the
tegration over the scattering vojume, and the spatial dependence ot
ook (x) o the typeal Fomter tamstorm term, Using the equality A4
i A-O, we getalter integraton

A < (ANPE> L2 Vv D
- . .. . - , AT
2n {14k 1 2R3 8D k
where V and 0 are the effective scattening volume and beamwtdth of the
antenna. D is the average distance to the scattering volume.

On the other hand, the expression for the incoherent backscatter

power, Pp, when the Debye length is much smaller than k-} is:

N
Pp=AV Yap A8
A A 4

N
simee undet these conditions (k) = Vg (e, Sulpeter 190.3).
M

The power rativ, P/P(, s then given by
BANY)> Lg? 7

Py e o
V5 ON[+K2 1421272 0k

A9

A more sophisticated and cumbersome approach, which takes into
account the curvature of the wave front and which we will not reproduce
here, gives the #3/2 fuctor used in the text.
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Figure 1. Corrclated Backscatter and Scintillation Observations on
October 29, 1976.
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On the Coexistence of Kiiometer- and Meter-Scale Irregularities
in the Nighttime Equatorial F Region

SANTIMAY BASU,' SUNANDA BAst, Juirs AARONS?2 ). P McCiure,” anp M. D Cousingt

Nightime multfrequency scintillation and SO-MH/ radur backscatter observations simultancously "
performed over a nearly common jonosphene volume at the dip equator in Peru duning March 1977 were
used to study the relationship betseen the targe-scale irregulanties ( ~0.1=1 km) giving rise to santilha-
twons and smat-scale rregularitios (3 m) causing SO-MH/ backscatter 1t s shown that duning ihe
generation phase ol equatorial irregulanties in the eveming hours, the kilometer- and meter-scale rregu-
larities coexist, whereas 1 the later phase, approximately an hour after the onset, the meter-scale
irrcgularities decay but the large-scale ones continue to retain their high spectral intensities Further.
multistation santullabion observations from o host of geostationary satellites as well as from the Wide-
band satellite indicate that casiward-dntung irregularity structures detected around nidmght cause
sipnificant seontatlations at UHE and £, band but gencrally {ail o give rise 1o appreciable backseatier
hus, contrary 1o expectations. it s possibic o have even L band santillations without any plume strue-
ture on backscitier maps. This indicates that at later focal time a cutoll of the spectrab intensity probably
oveurs at some seale length between 100 and 3 m. These observational results are discussed mn the con-
text ol curreat theories of plasia instabality in the cquatorial ionosphere.
INTRODUCTION radur in the postsunset period drifted eastward and caused ;
. . onsets of scintillations on two propagation paths located to the |
I he detectton of spread F, ionospheric scintillations, and L . AR !
. . — sast of Jicamurca [Aarons er af.. 1978). This result implied that ;
VHE radar backscatter i the nighttime equatorial ionosphere :'hc patch conl'linE:d both 3m and klllomcler-\'culc i:"rcguluri-
;},‘I‘NS that 'ru;g“”u"“ﬁ"“”h.W:.“c l-:ngllhs i ‘In“"‘c .“f w“'lr};” ties which caused radar buckscatter and scintillations. respec-
Hometers and as small asaJew meters iy arise G Gou o ng the kilometer-seale irregularities persisted in a
cquatorial F regron, In view of its importance in communici- patch for at least several hours during the transit of the patch
tans Ljh.‘"md maodeling as }\cll as i the devclu‘pmcn.l of theo- 1o various propagation paths involved in the scintillation ex- ‘
ries of irregularity generation, the problem of coexistence of periment. Owing to the separations encountered, it was not !
irregularitic Merent scide lengths in a cor iono- e . i oo e !
':';i:",l('r:l(:“ln‘:c'l:_: r:::":‘ f‘c':f ‘:‘:sl?}:c':":c:“::;"‘:; :::'my possible to conclude whether the 3-m irregularities persisted in |
i \ h ¥ ehpag ‘ the patch at later periods of time when scintillations were .
workers. .
) detected.

As carly as 1970, Farley ot al. [1970] stated that strong In the course of the above campaign. scintillation measure- ;
irregularities observed by the Jicamarca radar were in general ments were m;idc on October 29. 1976 ;vilh the ATS 6 satellite b
associated with scintllattons. When the digital power mapping o ) e - 1

hni became availuble |8 ood d La Hoz. 1976]. : when the propagation path of llhe s.nelh}e lo.lhc Huancayo |
technique hecame availuble | vodwian and La Hoz, J- 4 ground station intersected the ionospheric height at a point ;
preliminary comparison of such radar maps and scintillations e b e d - SR ) . ) |
during November-December 1975 made by Basu et al. [1977) \F::r:c::;;\r:?‘:;:::'KJ:&T::}!\ ;d::ss::::;n?;c:f/:::m::,:: i
indicated that plumelike structures on the nups were associ- mon v;)lur;w dmcdsscld by Woudi-rmn and Basu [1978] indicate
ate intense ¢ i e VHE range at o ned : ; :
]"Ldl“"h tense santllations in the VHE range at a nearby that the iemporal variations of 3-m and kilometer-scale irregu- !

wation. . . . L . :
‘Lll ",' the Atmosphere Explorer € wiite (AE-C) larities were identical, establishing thereby the coexistence of |
iing the Atmosphere  Explorer aatelhite “C) e . . ) . ‘
M‘('que et al [1977] observed that large-scale bubbles of irregularitics with scle lengths covering nearly four decades. i
. S o A careful study of the radur maps published by Woodman
d.cmc'“’ on HHI‘u’n‘:rvl-'l]m: |;|I |hg' mfhlt'l:lt :;lul';":“" Fre and La Hoz {1976] and the maps acquired by us during Octo-
gion are avociated with saall-seale iercpulanties. These mea- P . .
) . . er 1976, however, indicates that the extended 3-m irregularit
surements provided the incentive for a more carelully coordi- dAructures with which strong scintillations ar 'ssozigaled r)I
nated equatorial arregutanty covpaign an Peru in October \cn:r‘nl Zriﬂel ﬂwrlltaﬂcr‘ ‘ugns'; On the Aol.;i:r ‘Il'land slror: :
1976, During this campaign. simultancous VHE radar back- gcinlil‘lulioﬁ cAvenls yure dctbccled lquile often even '|fl'cr midg
scatter and ionospheric scintillation measurements were made 'ni ht. Basu andAaArum' (1977) concluded that durin ‘lhe Octo
near the magnetic equator in which the 1onospheric volume g h IR ical . B the & )
explored hy the radar and scintillation experiments had a ber campaign there was a statistical preponderance of scintilla-
’ S b S ) S 4s ¢ P ) the ¢ -m i ari
minimum separation of pearly 300 km. The analysis of results tion structures a v.ompdrcdl u .( € Lx(cndedlS'rp Irreguldr'ny
obaimed on one mght when 4 single plume structure was structures. This seemed to indicate the possibility of having
observed by the hcamarca rudar showed that the irregularity two lypes of equatorial irregularities, one type with significant

) f ) : ’ spectral power at both kilometer and meter scales and the

patch in which 3-morregulanties were detected by the S0-MH/ A . .
second with considerable power at kilometer-scale lengths
e with little or no power at 3 m

CFmmanuel College, Boston, Massachusetts 02115 The second equatorial cumpaign 10 March _|977 was

* Air Force Geophysies Laboratory, Hanscom Air Force Base, Bed-  planned to provide more defimtive answers to the important
ford. Massachusents 01731 prohlem of coexistence of kilometer and meter scales in the

Al » h p e | .

‘é;;v;r:::'(r;:r-.;rnc‘.‘llhh;:-nll).;"l';ln‘r'kk(uv':l':tr.‘)l:xunf«)Taf)‘;? 7300 various phases of irregularity development and decay. The

’ N e ‘ - most important improvement during this campaign was the

This paper 1x not subject 10 LS copyeight. Published in 1978 by :a\"anllluhilily ol scmullulyon and (adur backscatter data per-
the Amencan Geophysical Union taining Lo a common ionospheric volume for an extended
Paper number A0S16. 4219
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Fig. 1. Subionospheric positions (referred to an altitude of 400 km) of scintillation measurements on March 19-20,
1977. The ground stations at Ancon (A) and Huancayo (H) performing scintillation observations und Jicamarca (J) making
radar backscatter observations are indicated in the diagram, The satellites LES 8. ATS 3, Goes 1. and LES 9 are

abbreviated as L-8, A-3. G. and L-9, respectively,

period. We were also able to make scintillation measurements
at closely spaced points both to the west and to the east of
Jicamarca so that the evolution and decay of the drifting
patches could be adequately monitored. With this unique data
set we were able to demonstrate that it is possible (o have two
kinds of equatorial irregularities such as mentioned above. In
this paper we discuss the results obtained on one day which
seems to be fairly typical of the entire observation period. The
implications of these measurements are also discussed in the
context of current theories for the generation of equatorial
irregularities.

OBSERVATIONS

On the night of March 19-20, 1977, 50-MHz radar back-
scatter observations were performed at Jicamarca (11.95°S,
76.86°W) near the magnetic equator in Peru. Radar power
maps corresponding to three scattering volumes separated in
the east-west direction by 6% of altitude were acquired by
threc antennas as discussed by Basu er al. [1977]. We shall
present the maps obtained with the westernmost radar beam.
When referred to 400-km altitude, the above location corre-
sponds to a position which is approximately 30 km to the west
of Jicamarca. Simultaneous 137-MHz scintillation measure-
ments were made at Ancon (11.71°S, 77.15°W) with the Goes
| satellite. The intersection of the propagation path from
Ancon to Goes | with an ionospheric height of 400 km was
located only 10 km to the east of the field line passing through
the volume illuminated by the westernmost radar beam. How-
cver, the north-south (N-S) separation of the two volumes was
approximately 50 km. In view of the field-aligned nature of
equatorial F region irregularities, the relatively large N-S sepa-
ration may not be of serious concern, while the much smaller
east-west (E-W) separation assures that the two experiments
were exploring a nearly common ionospheric volume.

Scintillstion measurements were also performed with a host
of geostationary satellites, LES 8, LES 9, and ATS 3. not only
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at Ancon but at Huancayo (11.97°S, 75.34°W) as well. The
intersections of the propagation paths from these satellites to
the two ground stations with an ionospheric height of 400 km
are indicated in Figure 1. The subionospheric locations are
specified in the diagram by the station name (A for Ancon and
H for Huancayo) followed by the abbreviated name of the
satellite. The ground stations at Jicamarca, Ancon, and Huan-
cayo performing the raudar and scintillation observations are
shown by the dotted circles. Figure 1 also shows the sub-
ionospheric (400 km) tracks of the orbiting Wideband satellite
as viewed from Ancon and Huancayo on March 19-20. The
Ancon station was equipped with coherent phase-locked loop
receivers and recorded both phase and amplitude scintillations
at VHE (138 MHz), seven closely spaced frequencies at UHF
centered at 413 MHz, and L band (1239 MHz) from the
Wideband salellite [Fremouw et al., 1978). The station at
Huancayo recorded only the amplitude scintillations of the
transmissions at 138 and 413 MHz.

RESULTS

In Figure 2 we show the results of simultaneous 50-MHz
radar backscatier observations at Jicamarca and 137-MHz
scintillation measurements at Ancon with the Goes | satellite
made on March 19, 1977, between 1900 and 2300 LT, The top
pancl shows a radar power map of 3-m irregularities indicating
the temporal variation of their range and intensity. The range
scale is provided by the ordinate on the left-hand side of the
diagram, while the tone of the map signifies the intensity of the
backscattered echoes in the range of 6-48 dB above the ap-
proximate maximum incoherent scatter level. A complete de-
scription of the digital power mapping technique has been
outlined by Woodman and La Hoz [1976]. The bottom panel
shows the tempora! variation of scintillation index in decibels,
S/ (dB), scaled manually (rom the chart records at 2-min
intervals [Whitney et al., 1969].
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The top punct in Figure 2 shows that the radar started 1o
detect weak arregulanties in thin layers tor the first time an the
cveming at 193 13, bhe biest plune stiacture developed
shortly thereatter at about 1950 11 A seres ol plume develop-
ments occurred up (o 2040 1 T, with the Later plumes having a
low extent in alttude. Later, the backscatter echoes arose from
progressively thinner irregularity lavers. Between 2110 and
2210 LT, weak patchy backscattering regions above a weuak
and thin layer were observed. From the bottom panel we tind
that the sharp onset of strong scintillations was very well
matched in ime with the development of strong 3-mirregular-
wes al 1250 LT, Soon after onset, santillation levels as high as
20 dB were encountered. It is interesting to note that although
the plume structures were ahsent after 2040 LT and the 3-m
wrregularity structures were thinning out, « high fevel of scintil-
Lation was mmaintained up to 2114 LT, It is also dithcult to
assoviate the large increase of santiltation observed after 2114
I'T with the weak and patchy 3-m srregularities. The fiest
scintllation structure ended at 2230 LT when the radar map
was totally free of all traces of 3-m arregularities in the £
region. A study of the above event indicated that in the genera-
tion phase during the fate evening hours, the kdometer- and
meter-sized irregularities evolve together and coexist whereas
in the luter phase, approximatcly an hour after the onset, the

micter-sized irrcguliarities decay but the large-scale irregulari-
ties responsible tor santilations continue 10 retain theie high
specteal intensites

Another distinetive evenl waus recorded later during this
night and s ilustrated in Figure 3. From the bottom punel we
see that the second saintillution event of the evening was
detected at Ancon on its propagation path to the Goes |
satellite at 2300 LT. The scintillation event was rather strong,
attaining levels as high as 22 dB at 137 MHz, and decayed at
about 0100 LT. A study of the top panel indicates that only
very weak 3-m irregularity structures were detected between
2300 and 0000 LT and none at all between 0000 and 0100 L.T.
it appears that the irregularity structures detected during the
late nighttime hours had little spectral power at short scale
lengths, although the spectral power at large scale lengths
remained high, giving rise to saturated VHF scintillations.

In order to investigate if the irregularity power spectra in the
scale length runge responsible for amplitude fluctuations have
undergone any change. we obtained the power spectra of
amplitude scintillations for both these cases, namely. strong
VHE scintillations in the presence of 3-m irregularities as
lustrated in Figure 44 and strong scintillations in the absence
of 3-m irregularities shown in Figure 4b. The scintillation data
acquired on FM analog tapes were digitized at 3v samples/s,

JICAMARCA
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fig 2 Temporal vaniation of $0-MHz radar buckscattered power oblained at Jicumarca and scintillation index S/, in
decibels, of 137-MHz trunsmissions from the Goes 1 satellite recorded at Ancon on March 19, 1977, during 1900-2300 LT,
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) JICAMARCA
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Fig. 3. Comparison of radar buckscattered power and scintillation index S/, in decibels, as in Figure 2. on March 19-20,
1977. during 2300-0200 L T. Note that weak and patchy 3-m irregulanities shown in the Lop panel are associated with intense

scintillation activity in the bottom panel,

and the spectra for 7.5-min data samples were obtained by the
use of a fast Fourier transform algorithm. The structure ob-
tained around 3 Hz was generated by a subhuarmonic of the
satellite spin and the multilobed satellite antenna pattern.
Considering that the 95% confidence interval of power esti-
mate is approximately 6 dB, the average high-frequency (v)
slopes of the power spectra in Figures 4a and 4b are very close
to v *. The diffraction scale length (A ) on the ground is related
to the frequency scales (v) in Figures 4a and 4b by the drift
speed (v) of the irregularities as A = (v/»).

However. the values of the S, index of scintillation corre-
sponding to Figures 4a and 45 were 0.83 and 0.73, respectively,
s0 that both the spectra pertained to strong scatter conditions,
Under such conditions, it is not possible to relate the diffrac-
tion scale lengths on the ground to irregularity scale lengths in
the ionosphere in a precise manner [Yeh et al., 1975). Thus
even though drift speed measurements are available from
spaced receiver scintillation observations performed at the

nearby ground station at Ancon [Whitney, 1978), it is not
possible to derive the irregularity characteristics from the scin-
tillation spectra, The similarity in the spectral forms in Figures
4a and 4h can only indicate in general terms that no drastic
variation of irrcgularity power spectra occurred in the scale
length runge (~1 km to 100 m) which is responsible for VHF
scintillations.

It is interesting to note that while the second scintillation
event (cf. Figure 3) at VHF was being recorded at Ancon on
the propagation path to the Goes | sutellite, a transit of the
Wideband satellite occurred. The subionospheric tracks of
the sitellite as viewed from Ancon and Huancayo have been
illustrated i Figure | and designated as A(DNA) and
H(DNA), respectively, We shall primarily discuss A(DNA)
resulls acquired with the SRI International receiver providing
both phase und amplitude scintillation duta over a wide range
of frequencies. Scintillations both in amplitude and in phase
were recorded throughout the transit, but we shall concentrate
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our attention to the interval between 0427 UT (corresponding
to 75°W. time of 2327 LT) and 0428 UT, labeled on the track.
Careful magnetic field line mapping indicated that at 0427.5
UT the 400-km subionospheric location of the A(DNA) inter-
sected the field line passing over Jicamarca. In Figure §, we
illustrate the amplitude scintillation index S, and rms phase
fluctuation ¢,m. at the observing frequencies during a 20-s
interval beginning 0427.5 UT. The inverse frequency (f) de-
pendence of @oma. expected theoretically, is indicated by the
solid line passing through the data point corresponding to 413
MHz, the UHF carrier frequency. For a three-dimensional
irregularity power spectrum of power law exponent 4, the
amplitude scintillation index S, is expected to show f~'* de-
pendence [Rufenach, 1974) under weak scatter conditions. This
is indicated by the dotied line. The data points agree well with
the theoretical curves except for the S, data point at VHF
which obviously violates weak scatter conditions. It should be
noted that even significant L band scintillation was recorded at
this time while in the VHF band an S, index of 0.78 was
obtained. Fremouw et al. [1978] have noted that in the L band
S, 2 0.02 may be considered significant for these Wideband
measurements. 1t may be observed from Figure 3 that during

-20
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the sbove scintillation event, only weak (<12 dB) and very
fragmentary signatures of the backscatter echoes could be
recorded.

Woodman and Basu [1978) have recently made a quantitative
comparison of 360-MHz scintillation and 50-MHz radar back-
scatter measurements at Jicamarca. They postulated a Gaus-
sian type of cutofl near the ion gyroradius which is of the order
of 3 m at F region heights to bring scintillation and backscatter
measurement into agreement. They showed that an S, index of
0.4 a1 360 MHz may correspond to the observed 40-dB radar
backscatter from an irregularity layer of a thickness of 200 km.
Similar computations made in the present case under study
indicate that S, = 0.18 at 413 MHz should have been accom-
panied by at least 26-dB radar backscatter from a similarly
extended irregularity layer, in contrast to the observed 12-dB
backscatter from fragmentary patches. This resuit implies that
the irregularity structures observed near midnight are charac-
terized by a spectral cutoff at wavelengths longer than the ion
gyroradius, probably in the vicinity of tens of meters.

In Figure 6 we illustrate the results of all scintillation mea-
surements made on this night at the two ground stations,
Ancon and Huancayo, with various geostationary satellites.

POMER SPECTRUM D0S537
TINE-2.0.92
OATE-MARCH 20. 1977
FREQUENCY 137 nnX
SATELLITE = 00ES
BTATION = ANCON PERU
CHANNEL. 4

84 = 0.8208512

}
vy —r—r-rrri

1

FREQUENCY

Fig 40 Power spectrum of 137-MHz scintillations (S, = 0.83) recorded at Ancon by the use of Goes | transmissions
between 0200 and 0207.5 UT on March 20, 1977 (2100-2107.5 LT on March 19, 1977). The power spectrum corresponds to
the period when intense 50-MHz radar buckscatter was obtuined.
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Fig. 4b.  Asn Figure da for the period 0411-0418.5 UT on March 20, 1977 (2311-2318.5 LT on March 19). when S, =
0.73 wins recorded. The peniod of seintitlation corresponds 1o weak andd patchy SO-MH/ radar backscattered power.
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Fig. 8. Frequency dependence of rms phase @pme and 8, index of
Wideband satellite data recorded a1 Ancon on March 19, 1977, be.
tween 2327.5 and 23278 LT
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The panels from top to bottom in Figure 6 are arranged in the
order of decreasing west longitude of the subionospheric posi-
tion of scintillation measurements, From Figure | it may be
noted that subionospheric locations of these measurements
spanned a longitude interval of nearly 12° near the magnetic
equator. The initial gap in the results shown in panel | was
caused by an interruption of beacon transmission from the
LES & satellitc. The remaining pancis (2-7) indicate that the
onset of scintillations at different locations occurred between
0000 and 0100 UT. Considering the dilferent longitudes of all
these subionospheric locations, the onset of scintillations is
found to have occurred within 4 min of 1940 LT. The local
time dependence of scintillation onset on this night shouid not,
however, be tuken as u general rule, since we have observed
cases when the irrcgularity generation has been localized in
spuce rather than in local time (darons et al., 1978). In view of
the consistent castward drift speed of irregulurity patches at
night, the wemporal variation of scintillation at an equatorial
station is dictated by the localized generation, in space or time,
the eastward drift of irregularity patches, and the lifetime of
these drilling patches. The successive panels of Figure 6 have
to he viewed in this context.
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b, 6. Lemporal vanabion of scintillation index 87, in decibels,
recorded at Ancon and Huancayo on March 19-20, 1977, by the use of
tranmsmussions from vanous geostationary sotellites. The panels are
arranged in order of decreasing west longitude of ionosphetic inter-
section points of the vanous ray paths as shown in Figure |

Discussions
We have provided evidence for the existence of at least two

phases of irregularity evolution in the equatorial £ region. In
the development phase during the postsunset hours, irregulari-
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ties covering the scale length range of tens of kilometersto 3m
evolve simultaneously. Near-saturated VHF-UHF scintilla-
tlions are observed in this phase w hen strong radar backscatier
is detected from an extended altitude range. The recently com-
piled statistics of /. band (1.54 GH?7) scintillations observed at
Huancayo also indicute that the occurrence maximum of gi-
gaherts scintillations is obtained in this development phase
[ Mullen et al . 1978]. The evolution of such thick rregularity
layers takes place within tens of minutes. The generation of
irregularities covering 3-4 decades of scale lengths has been
explained by invoking a hierarchy of instabitity mechanisms
starting at the long wavelength end with the gruvitational
Rayleigh-Taylor instability {Haerendel, 1974; Hudson and K en-
nel, 1975: Costa and Kelley, 1978a, b). The generation of irreg-
ularity patches extended both in altitude and in E-W direction
has recently been explained by Kelley and Ot [1978) by adopt-
ing the theoretical analysis of a rising ionospheric bubble
presented by O [1978]. Motivated by the sudden *bite outs’ of
plasma density observed by in situ measurements (Kelley et al.,
1976; Morse et al., 1977 Hanson and Sanatani, 1973; McClure
er al., 1977). Ou [1978] used s sharp boundary model and
showed that the basic equations applicable to the rising bubble
are identical with those governing the behavior of a two-
dimensional fluid. Using these results, Kelley and O [1978)
showed that upwelling plasma depleted regions or bubbles
continually stir the medium and not only fill the wake with
density irregularities in the presence of density gradients but
also the regions (in the E-W direction) between the bubbles
through a cascading process.

Following the development phase, the meter-scale irregular-
ities are observed to decay, while significant kilometer-scale
structures persist and continue to produce strong scintillations
at VHF. Kelley and On [1978] have shown that in the late
phase the dissipation scale moves to smaller k values so that
the smallest-scale structures disappear first. .

The irregularity structures that cause scintillations around
local midnight are conspicuous by the absence of any signif-
icant spectral power at 3-m scale lengths. However, sufticient
spectral power is available at long scale lengths to cause not
only strong VHF/UHF scintillations but L band scinullations
as well. It is of some interest 10 note that 6300-A airglow meas-
urements made on board the aircralt flown by the Air Force
Geophysics Laboratory indicated the presence of regions with.
depleted tonization near Jicamarca corresponding 1o both the
carly cvening and the near-midnight scinullation events
(J. Buchau, private communication, 1978). Thus it 1s possibie
o detect ionization depletions and strong scintillations in the
absence of extended 3-m irregularity structures or ‘plumes.’ A
stmilar irregularity structure was detected on March 30, 1977,
al 2314 LT (75°W time), which caused scintitlation as high
as 7.dB (S, = 0.36) at L band and } dB (S, = 0.07) at § band
and yet faled to give rise to any appreciable VHE radar back-
scatter. 1t is important to note that even after considering the
sharp cutollf neur the ion gyroradius proposed by Woodman
and Basu [1978] the above scintillation levels are expected to be
assoctated with a relatively thick luyer of moderately strong
J-m irregularities. Thus it seems that the irregularity structures
which exist near midnight are characterized by a spectral cut-
off in the vicinity of tens of meters.

The nature of the irregularity spectrum at short scale lengths
needs much further study. It will be worthwhile 10 make
observations of gigaherts scintllations in clos¢ proximity to
Jicamarcu to determine the relationship of irregularity scale
lengths of ~100 m with the 3-m scale length during the various
phases of irregularity evolution. In addition, rocket measure-
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ments of the fully developed topside irregufarity spectrum
would be extremely useful in bridging the gap between the
above scale length regimes,
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A review of recent observations of equatorial scintillations and their relationship to current theories
of F region irregularity generation
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Our understanding of transionospheric radio wave propagation problems associated with irregularni-
ues in the nghttime cquatorial F region has grown enormously in the past few years. This has
been achieved by making coordinated phase and amplitude saintillations from a host of geostationary
and orbting satelltes and mulutechnique irregularty measurements. The variely of supporting
measurements include radar backscatter, in situ irregufarity observations by rockets and satellites,
and airglow and 1onosonde observations aboard aircraft. Because of the great volume of work
in this field the scope of the present review 1s imied to a description of these recent coordinated
observations and a discussion of the relevant theories of irregularity generation  An attempt is
then made to explain some aspects of equatorial scintllations on the basis of these new theoretical

developments.

I INTRODUCTION

Four decades after the discovery of the phenom-
enon called ‘equatorial spread F' [Booker and
Wells. 1938], the gencral problem of nighttime
cquatonal Foregion irregularities continues to be
a fascinating one to theoretical and experimental
geophysicists. This problem is also one of serious
concern to communications engineers, as it is well
known that these irregularities cause amplitude
saintilation which can degrade the performance of
satelhite communication links. More recently. it has
become clear that naturally occurring phase scin-
tilation can impair the performance of satellite
systems that use synthetic aperture processing to
achieve high angular resolution.

In our first review of this subject, presented at
the Fifth International Symposium of Equatorial
Aeronomy in August 1976 and recently published
[Basu and Kellev, 1977, we concluded that large-
scale convective upwelling of the equatorial plasma
was  csponsible for the most intense scintillation.,
Evidence for this upwelling process, which carries
regions of low plasma density ‘bubbles’ into the
high-density topside region. has come from rocket
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experiments [Kelley et al., 1976; Morse et al.. 1977)
from radar studies | Woodman and LaHoz, 1976],
and in a rather definitive manner from satellite
mceasurements [McClure et al., 1977]. One example
of such topside ‘holes’ or *bubbles’ observed with
the AE-C satellite is shown in Figure 1. The ion
drift meter data show that the plasma inside the
bubbles was moving upward and to the west in
the plasma rest frame.

The connection between intense scintillations and
the bubble phenomena postulated by Basu and
Kelley [1977] was, however, based on inference
rather than direct simultaneous measurement. For
example., Costa and Kelley [1976) calculated the
scintillation effects of pure bottomside equatorial
spread F. They used the plasma density profiles
shown in Figure 2 obtained by a sounding rocket
and concluded that only modest scintillation would
result at VHF frequencies, with negligible effect
at gigahertz frequencies. On the other hand, using
topside in situ irregularity data from Ogo 6 shown
i fgure 3, Basu and Basu [1976] showed that
saturated VHF scintillation and moderate gigahertz
scintillation can be explained on the basis of large
amplitude 1rregularities with large outer scales in
an environment of high electron density {McClure
and Hanson, 1973] which are distributed in thick
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with respect to the spacecraft |alter McClure et al.. 1977},

layers [Basu et al., 1977]. An alternate explanation
has been offered by Booker [1975}., who pointed
out that low-level irregularities threading the plas-
masphere could also create the equatorial scintilla-
tions.

Since that review, significant new information
on scintillations has been obtained via dedicated
experiments aimed at testing these hypotheses and
relating the scintillation measurements to simulita-
neous multitechnique probing of equatorial irregu-
larities. These results are summarized in the next
section, which is followed by a discussion in section
3 of recent theoretical studies of equatorial irregu-
larities and their relationship to scintillations. In
the concluding section we attempt to synthesize
theory and observation.

2. RECENT LQUATORIAL SCINTHLLATION
OBSERVATIONS

In this section we shall present two major experi-
mental efforts undertaken by various groups to
study the nature of equatorial scintillations and their
relationship 10 other observable irregularity param-
eters. The first is a joint campaign conducted by
the Air Force Geophysics Laboratory (AFGL), the
Instituto Geophysico del Peru (1IGP), the University
of Texas at Dallas (UTD). and the SRI International
(SRI1) near the magnetic equator in Peru. The
second is the DNA Wideband satellite experiment
conducted by SR at two equatorial stations, which
has provided the {irst comprehensive measurements
of phase scintillations.

2V Joint equatorial irregularity campaigns in
Peru. An intensive study of nighttime electron
density irregularities in the equatorial ionosphere
was performed in October 1976 and March 1977
by conducting simultaneous radar and scintiliation
measurements near the magnetic dip eguator in
Peru. The 50-MHz radar observations were made
at Jicamarca, and scintillation measurements were
performed at the nearby ground stations of Ancon
and Huancayo by receiving VHF transmissions
from geostationary and orbiting satellites. In addi-
tion, the AFGL aircralt was employed to make
on-board scintillation, ionosonde, and airglow mea-
surements to provide spatial configuration of ir-
regularity patches as well as to determine the
existence of density depletions indicated by in situ
measurements. Simultaneous in situ electron den-
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Fig. 2. Upleg and downleg plasma density profiles obtained on a soundiig rocket duning equatonal spread
F The arrow shows the locations of a deep depression in plasma density {atter Kellev et al.. 1976].
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sty data, similar to those shown in Figure 1, were
obtamed from the AE-E satellite. The mulustation
scmullation measurements were used to study the
localized ongin of large-scale irregutanty patches
thesr drift speed. spatial extent, and lifetime v the
equatorial wwnosphere The simultancous radar and
se:ntlation observations also provided information
on the relauonship between the meter- and kilome-
ter-sized irregulanties giving rise to the radar back-
scatter and VHE-UHF scintillations, respectively.
Much new information became available as a result
of this myor eftort, and many publications and
presentations have been made based on these corre-
lated data sets. These are summartzed below with
specfic references.

I. There 1 great variability of irregulanty occur-
rence from one night to another. On certain nights,
such as on Octoberd6 17,1976, a single irregularity
patch evolved at a particular location and then
dafied castward for a period dictated by its lifetime,
as distusaed by Aarons er al. 11978). On some

t FQUATORIAL SCINTILLATION OBSERVATIONS L Y]

other nights, a series of irregularity patches with
a large-scale quasi-penodicity was observed. A good
example of such a configuration was obtained on
October 19 20, as shown an Figure 4, taken from
the detailed report on the October campaign done 1
by Basu and Aarons [1977}). Figure S, also taken 1
from the report, shows the respective positions for o]
the observations. The important point to note from
the radar map is that a relatively thin layer of
bottomside irregulanties appeared at 1950 LT,
which by 2015 developed into a plume structure
extending several hundred kilometers into the top-
side. A second plume developed at 2140 LT. The
drifting plume structures caused severe scintilla-
tions (>20 dB) at the ground stations, with periods
of 4- (0 6-dB scintillation caused by the bottomside
structures observed in between the plumes. ft 1s
interesting to note that HF forward scatter experi-
ments in the equatonal region had earlier obtained ‘
evidence of irregulanity patches existing in quasi- !
periodic patterns [Rotrger, 1976]. On yet other 1
nights, there were no irregularities within the 900-km
cast-west coverage provided by the Jicamarca radar |
and various satellites. ‘
2. Although the irregularity patches occur after
local sunset, these are found to evolve either to ‘
the west or to the east of any specific station,
signifying that local conditions and not just local
time dictate the generation of irregulanties |Basu
and Aarons, 1977}.
3. The large-scale irregularity patches are found
to consistently drift eastward between 1900 and
2400 LT, with a speed ranging between 90 and 140
m/s. {f the temporal variation of santillation is
combined with the drift speed, the east-west dimen-
stons of the patches are found to range typically
between 200 and 400 km, aithough some are larger
| Basu and Aarons, 1977].
4. Another important aspect of the campaign was
the determination of the relationship between the
relatively large scale irregularities that cause scin-
tiflation (--1 km 10 100 m) and the small-scale
irregularities that cause 50-MHz backscatter (3 m).
Woodman and Basu |1978], using the simultaneous
backscatter and scintillation data obtained from a
nearly common ionospheric volume, found that both .
these types coexisted in the developing phase of
the irregularities. However, they also showed that
if the commonly accepted &  power law irregularity .
spectrum [Dyson et al.. 1974) was extended to the
Jicamarca backscatter wave number, a discrepancy
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af 40 dB would be found relitive o the observed
backscatter echo strenpth. To bring computations
and observations into agreement. they postulated
a Gaussian type of cutoff near the O " won gyroradius
which s on the order of 3 m n the wpside 10no-
sphere. Such a cutotl could be considered to be
the ‘inner scale’ of wirbulence. This point is dis-
cussed turther an the next section. Booker and
Ferguson [1978] have also postulated an inner scale
near the wnic gyroradius to expliain spread F signa-
tures on equatoridl 1wonograms in the HE band.

As g result of turther co-located scintillation and
vadar observations during the March 1977 campaign,
Buasu et al. [1978¢] have come to the conclusion
that kitometer and meter scales coexist only during
the developing phase in the early evening hours.
Figure 0. obtained by combining (wo diagrams
presented by Basu et al. [1978h ] . shows co-located
santilation and backscatter measurements made
on March 19 20, 1977, The sharp onset of strong
sannllations w137 MHz is well correlated with
the development of strong 3-mirregularnities at 1950
LT. However, strong scintitlations continue beyond
2040 1. T, when 3-mirregularities are found to decay.
By the use of mulusatellite observatons these
authors have also established that the second scin-
ullauon structure beginning at 2300 LT was ciaused
by a dntung arregularity patch. This structure was

S EQUATORIAL SCINTHHLATION OBSERVATIONS 475

associated with the significant /.-band scintillations
of the Wideband satellite signal but negligible 3-m
backscatter. These tindings lead Basuet al. [19785)
to speculate that at later local times the cutoff scale
length is probably of the order of few tens of meters.

5. The AFGL aircraft scintillation observations
have helped separate the spatial and temporal be-
havior of irregularities. while the on-board iono-
sonde and optical imaging systems have found
evidence of electron density depletions in the bot-
tomside F region. Figure 7, using data kindly made
available by J. Buchau, shows the locus of the
subtonosphernic point as the aircraft flew between
ground stations on October 19 20. 1976. The thin
lines signify the absence of scintillations, while the
thicl lines signify their presence. The top panel
shows that during 2247 UT (October 19) to 0015
UT (October 20), when the ground stations at Ancon
and Huancayo did not record any scintillations. as
may be observed from Figure 4. the aircraft did
not detect any irregularities in the entire latitude
range of 11° 13°S and longitude interval of 72°-
75°W. The bottom panel shows that from 0015 UT
onward the atrcraft detected three irregulanty
patches with distinct boundaries, indicating spatially
localized irregularity generation after UT midnight
(i.e., 1900 LT). The imaging system provided all-sky
pictures of the 6300-A OI airglow emission, which
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Fig. 7. Subionospheric flight path of the AKFGIL.

aircraft making 249-MHz scintillation observations with

Les 9 on October 19-20, 1976. Thin and thick lines indicate the absence or presence of scintillations, respectively

[after Basu and Aarons. 1977] .

results from dissociative recombination of O, in
the F region. Initial observations show the existence
of north-south aligned regions of airglow depletion
[ Weber et al., 1978]. An isolated airglow depletion
band observed on March 17, 1977, is modeled in
Figure 8 as a troughlike bottomside electron density
depletion, which explains the observed airglow and
jonosonde features. Further details regarding the
association of the airglow depletion with scintilla-
tions and 3-m backscatter are provided by Buchau
et al. [1978]. It is important to note, however,
that not all airglow depletions are associated with
plumes on backscatter maps [Basu et al., 1978h].
6. The scintillation data obtained from the various
ground stations (in particular, spaced receiver mea-
surements made at Ancon) and the data obtained
from the AFGL aircraft as well as the Air Force
Avionics Laboratory (AFAL) aircraft have been

RANGE CHANGES ASSOCIATED WITH PASSAGE OF We DEPLETION

\r MODEL ,.,: %

——’

200}

240 km 2204m

|Q°L_L__._L_J.’A. [ S [P W—
0200 0220 0240 0300 0320 0340 0400 0420 ur

Fig. R. Model of an eastward drifting bottomside N, depletion
based on observed twnosonde and airglow parameters The
measured ranges of oblique returns and the virtual height of
overhead # region are compared with range/height changes
expected from the passage of the model bottomside structure
over the ionosonde [after Weber ef al., 1978] .
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used 1o determine whether diversiy techmyues can
mitigate the effects of intense amplitude scinullation
at 250 MHz [Whitney et al.. 1977) . In particular,
it was tound that the high degree of decorrelation
over a base hine of 366 m assoctated with rapid
severe intensity fluctuations (8, -~ 1) make space
diversity techniques useful [ Whunev. 197%].

As far as radio communicators are concerned.
this multitechmque study has shown that topside
wregulanties have an enormous effect on transion-
ospheric propagation. Thesearregulanties have been
called “bubbles™ by those using the satellite i situ
technique {MceClure et al. 1977) and ‘plumes’ by
those using the radar techmique |Woodman and
Lallo: 1976) . Rastogt and Woodman [1978) have
shown that this radar backscatieris associated with
range spread on  equatonal jonograms. These
campaigns have provided convincing evidence that
saturated VHE and moderate gigahertz scintilfations
are associated with bubbles and plumes 1n the
cquatonial region. Basu et al. (19784, b] have
further established that the 3-m plumes are relauvely
short ived in companson with the bubbles. Thus
large scnidiation effects on VHF-UHF channels
are to be expected not only when radar plumes
are observed but also when the dnfting bubbles
cross the ray path of a transionospheric communi-
cation channel. On the other hand. there are nights
dunng which moderate VHE scintillation activity
1s noted. and these are associated with only weak
bottomside radar acuvity [ Basw et al., 1977, Basu
and Aarons. 1977] It would thus be highly benefi-
cial to the user community af a system could be
Jeveloped to predict the occurrence of bubbles on
G4 oparticnlar evening

22 Wideband saiellue observanons  The Wide-
band salellite was launched into a sun synchronous.
near-polar orbit on May 22, 1976, carrying a mul-
ufrequency coherent radio beacon on board. The
mutually coherent signals, which range from VHF
to 8 bund. are bewng recorded by SRI at ground
stations in Poker Flat, Alaska. and two equatorial
stations. namely. Ancon, Peru, and Kwajalein in
the Pacific sector. The equatorial station at Kwaja-
lein was set up to determine longitudinal differences
in cquatonal scintillation first pointed out by Basu
et al. [1976] on the basis of in situ irregularity
data. We shall primanly discuss the equatorial data
bt will point out certain basic differences with
auroral scinullaton structure that have been report-
ed by the SRII group  The following information

26

has been taken from Rino et al. {1977 and Fremouw
et al. [1978].

1. The most important aspect of these observa-
tions has been the realization that ionospheric radio
wave propagation is dominated by large slowly
varying phase scintillations. These can be large even
in the absence of significant amplitude scinullations.
The latter statement is particularly true for the
aurorai zone. Indeed. the measurement of simulta-
neous phase and amplitude scintillation has shown
that computations of phase deviation based on the
weak scatter theory using the observed amplitude
scintilaton would grossly underestimate the actual
phase scintillation level. On the basis of these
observations the SR group has developed a multi-
plicative two-component model to characterize the
joint first-order statistics of amplitude and phase.
This model is discussed in detail by Fremouw et
al. [1976}. Bnefly, the idea is to separate two
components of the total (compiex) scintillating sig-
nal by filtering. Because of the power law nature
of the irregularity spectrum the low-frequency cut-
off had to be somewhat arbitrarily defined. Thus
by using a double detrending process it was possible
to separate a ‘focus’ component having fluctuations
with periods between 2.5 and 10 s and a ‘scatter’
component having fluctuation periods smaller than
2.5 5. The focus component gives rise to the large
slow phase fluctuations, while the scatter compo-
nent causes the fast intensity fluctuations. Figure
9. taken from Fremouw et al. [1978]. contains VHF
data sets showing these two components obtained
from each of the three latitudinal regions where
SRII had ground stations (initially the Wideband
observations were started at Stanford. the equip-
ment being moved to Kwajalein in October 1976).
It is interesting to note that for the same value
of the S, index (a measure of the scatter component)
the standard deviation of phase (a measure of the
focus component) varies substantially at different
locations, being the smallest at the equator. This
has been found to be a consistent feature { Fremouw,
1977] and may be of importance for irregularity
generation mechanisms, although the detrend inter-
val and effective scan velocity of the satellite may
also affect this rato. Whitney and Basu [1977)
have reported earlier a difference in the slope of
the intensity spectrum between an equatorial and
an auroral station.

For communications purposes it is important to
charactenize the swatistics of signal fluctuations.
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Fig. 9. Scatter diagrams on the complex plane for (teft) the
focus component and (right) the scatter component isolated from
segments of VHF Wideband records obtained at (top) a mid-lati-
tude. (center) an auroral, and (bottom) an eyuatonal station
{after Fremouw et al.. 1978].

Hitherto, Rician statistics have been used exten-
sively in communication theory as a model for
certain noise processes [Hatfield and Rino, 1975].
The received signal from an ionospherically dif-
fracted plane wave can be considered as a complex
Gaussian process. v = v, + iv,. This process. v,
is said to have Rician statistics when the vanances
of v, and v, are equal and their covariance is zero.
It may be noted from Figure 9 that in the equatorial
region the scatter component displays a very Rician
characteristic, while that obtained at the mid-lati-
tude station is highly non-Rician.

2. The SRIH group has categorized scintillations
qualitatively into seven groups ranging from ‘ex-
tremely quiet’ to ‘extremely active.” It is interesting
to note that equatorial stations provide the majority
of cases in both these extreme situations compared
with the auroral station, where a ‘modestly active’
behavior is most frequent. This equatorial scintilla-
tion behavior is probably caused by the great

day-to-day vanability in irregularity occurrence dis-
cussed in section 2|

3. Duning extremely active conditions. scintilla-
tions are found o persist in the gigahertz range.
The observations of gigahertz scintillations with
low orbiting satelhite proved that weak irregularities
existing throughout the plasmasphere are not g
necessary condition, as was suggested by Booker
[ 1975}

4. The mulufrequency Wideband observations
have shown that the standard deviation of phase
in general shows an f ' behavior even under con-
ditions of strong diffracuve scatter. Occastonal
violation of the law has been observed in conjunc-
tion with strong scintillations in the gigahertz range.
Figure 10 shows the frequency dependence of phase
scintillation during two 20-s penods of a pass on
December 16, 1976, which falls in the “extremely
active’ category. The L-band point has been cor-
rected for the S-band phase perturbations which
were present at the beginning of the pass. In the
less disturbed sample obtained at a low elevation
angle in a near-magnetic meridian plane the VHE
departs significantly. and even the UHE points show
some scitter. At such times the slope p ol the
phase spectrum also flattens, with values of p
- 2 being observed at VHE and UHF.

5. The frequency dependence of intensity scin-
tillations observed during the same periods is shown
in Figure 11. The fully developed or saturated nature
of the intensity scintillations at VHF and the five
UHF frequencies analyzed during the more dis-
turbed period is apparent in the departure of these
six data points from an f '* dependence [Rufe-

o \SRSLAAALI H e tnmn a1 S I B M A1
ANCON
. 16 DECEMBER 1976 00
D448 40 UY 200
E - UNCIRTAINTY D TO 00 §‘
S PUASE SCINTILLATIONS
| 1o ON S BAND REFERENCE | 80 |
K2 CHANNEL (we text) o
0452 20 »
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.
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Fig. 10. Frequency dependence ot phase-scintillaton index
during two 20-s peniods of the Ancon Wideband pass on
December 16, 1976, compared with an /' dependence arbitrarily
passed through the 413-MH7 data point [after Fremouw et al.,
1978).

-




e e

REVIEW OF LQUATORIAL SCINITH T ATION OBSERVATIONS 479

i ooty [ IR A PR [ T A R 4

ANCON
o DECEMHEEH 1970

10t

Se

i ;t
!
4
E +
L APPROXIMATE
LMEALREILNT ]
SV SO D §
O

nf)n“”»”.I .Nuf.:.'l.u ' bt [ Ry

vl ‘o 10
FRFOUENCY GHz

Vig 11 brequenoy dependence obhintensity -scintilation index
dunng o M8 penods of the Apcon Wideband  pass on
December it 1976, compared with an ¢ ' dependence |aftec
Fremouw er al | \YTE]

nach. 1974] that holds between L band and S band.
Such a reduction in frequency dependence of inten-
sity saintillations in the muluple-scatter regime had
been discussed carlier by Yeh et al. [1975), Whitney
and Basu {1977} and Mullen et al. [1977]. Under
extremichy active conditions it is possible to have
mtensity decorrelation across the UHF comb of
frequencies. In this regard it should be noted that
during the March 1977 AFFG L campaign it was found
that most Wideband passes. cven those showing
gigaherts scintillation, were not associated with 3-m
radar backscatter [Basu ef al., 1978h] . This point
has been discussed in section 2.1, Thus 1t s not
vet known whether intensity decorrelation during
the developing phase of equatorial irregularities will
be even ereater.

6. The SRH group. on the basis ot thewr observa-
tons at Kwigalemn (9°N geographic, ¥°N dip) and
Ancon 111 S geographic: 2°N dip). has indicated
that there s local summer maximum ol equatorial
scintllanons. On the other hand, Ghana observa-
ttons (S°N geographic; 8°S dip) over a S-year period
depet i local summer minimum [ Koster. 1976].
as shown in Figure 12, Thus the control may be
longitudinal rather than seasonal, with ditferences
heing ohserved between the Atlantic and the Pacific
sector | Basu ctal.. 1976; Aarons. 1977] . The reason
for such etfects are as yet unclear.

7. Depletion of total electron content (TEC) has
been noted at Kwajalemn in conjunction with active
scintiltation conditons. One specific case with 30%
TEC depleton has been discussed in detail [Fre-
mouw and Lansinger. 1977. Fremouw. 1978) . Koster

- ‘ it
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% DEVIAT'ON FROM MEAN
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N D g F MA MUJ J A S O NDJF M A
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Vag 12 Seasonal vanaton of 136-MHz scintlation from ATS
Voat Legon, Ghana, dunng the period Sepiember 1971 to
December 1975, Note that the annual component (with a muni-
mum 10 the June solstice) has twice the amplitude of the
semuannual componeat |after Koster, 1976} .

[1976] has provided extensive evidence using 42
months of simultaneous TEC and scintillation mea-
surements at Ghana (excluding the June solstice)
that scintilfations in the premidnight period are
associated with TEC depletions. The largest TEC
depletion is noted at 2100 LT, a time that is closely
associated with the development of plumes on radar
maps. This agrees well with current theoretical ideas
and in situ observations of the association of equa-
torial irregularities with density depletions. More
recent data obtained at Kwajalein during August
1977 show nearly sinusoidal, long-wavelength vari-
ations in TEC measured along the Wideband trajec-
tory at times when the Alair radar was observing
backscatter at 150 MHz (M. J. Baron, R. C. Living-
ston, and R. T. Tsunoda, private communication,
1978). This may indicate possible gravity wave
seeding of equatorial irregularities.

3 RRCENT THEORETICAL RESULTS

Theoretical efforts have kept pace with the muiti-
technique experimental efforts described above.
Numerical simulations of a Rayleigh Taylor unstable
ionosphere [Dungey. 1956. Haerendel. 1974, Hud-
son and Kennel, 1975] in the collision-dominated
case have been made by Scannapieco and Ossakow
11976] . They showed that an initial 3-km wavelength
finite amplitude sinusoidal perturbation on the bot-
tomside eventually formed a bubblelike structure
which rose into the topside, such as was seen by
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the experimental techniques mentioned earlier.
The development time of 10° s determined by
Scannapieco and Ossakow was considerably longer
than that observed. but another simulation published
recently by the same group [Ossakow et al.. 197%]
shows much more rapid evolution. These computer
stmulations are strongly supported by an analytic
treatment due to On [1978). who, assuming the
expenimental validity of the bubble concept. calcu-

lated their shape and velocity as a function of

altitude and size. At low altitudes he found that
the bubbles should be cylindrical (circular cross
sections and uniform along B) and that they rise
with the velocity

n_—-n,
u=\- ~ e/ H
n, + n,

where n, is the density inside the bubble. n_ s
the density outside. g is the acceleration due to
gravity, and v_ is the ion neutral collision frequency.
At high altitudes. where ion neutral collisions can
be neglected. Ott showed that the equations govern-
ing the motion are identical to the equations of
two-dimensional ordinary fluids (for example, a
liquid constrained between two planes with separa-
tion distance much less than the size of the planes).
Considerable theoretical and experimental work has
already been dene on such fluids and can thus be
directly applied to the present problem. The ob-
served bubble shape is shown in Figure 13, and
the velocity is given by

u=0.5Rg)"’ 2)

where R is the radius of the circular ‘cap” shown
at the top of the diagram. (It should be noted that
all statements concerning velocity fields or velocity
turbulence can be replaced by discussions of electric
fields or electrostatic turbulence, since V - E x
B/B')

From the foregoing discussion of expcrimental
and theoretical studies we find that an outstanding
feature of equatorial spread F on the topside is
the presence of large-scale (~10-km scale) regions
of low plasma density with very sharp gradients
at the edges. The source of energy for this inter-
change of low- and high-density plasma is the excess
gravitational potential energy which resides in the
F region plasma supported against gravity by the
magnetic field. The nonlinear process must be
initiated, however, and several mechanisms have
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Fig. 13 Bubble shape and vortex gencration mechanism [after
Kelley and On. 1978]

been suggested. In the linear Rayleigh-Taylor
process the zero-order upward density gradient is
disrupted by the electrostatic fields in the instability.
It scems clear that this process does operate on
the bottomside, possibly enhanced by the £ x B
instability [Kelley er al., 1979}, but its role in
producing topside irregularities is not proven. A
strong candidate for seeding finite amplitude low-
density regions near the topside is the action of
atmospheric gravity waves [Beer, 1974. Rotiger,
1978; Booker. 1978}, which, if the waves have an
upward group velocity, can ‘spatially resonate’ with
plasma moving downward [Whitehead, 1971].
Klostermeyer [1978]) has shown that this process
indeed leads to large-amplitude long-wavelength
perturbations near the F peak.

Another outstanding feature of equatorial spread
F is the wide range of wavelengths exhibited by
spread F irregularitics. For instance, the 3-m scale
length is 3 4 orders of magnitude smaller than the
primary process described above. Two processes
have recently been suggested which may well ac-
count both for the wide range of wavelengths and
for the extended spatial extent of spread F.

Costa and Kelley [1978a. b] have considered the
steep gradients in plasma density associated with
bottomside irregularities (see Figure 15) and pre-
sumably also with topside bubbics and have shown
that drift waves should grow rapidly on the observed
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gradients. The normalized growth rate s plotied
m Figure 14 as a tunction of the parameter b

A7 p o2 where & s the wave number perpendicular
1o B and p s the on pyroradius. For relerence,
hoat the hoamarca backscatter wavelength s 70,
The prowth rate peaks at & p, = 1.5, which corre-
sponds to wavelengths of about 24 m. The growth
rate s linearly proportional to the gradient scale
length /. at the bubble edge and is | s ' for L

125 m under typicalwnospheric conditions. These
dntt waves should not only contribute to backscatter
in the development phase but also play a role in
the eventual merging of bubbles into the background
via destruction ot the steep gradient [Burke et al..
1979} . Hubu er al. [1978] have extended this con-
cept to even smaller wavelengths.

A second and perhaps more important process
from the standpomt of scintillations is the generation
ot thick aregularity layer as suggested by Kelley
and O [II78] . Agan. use was made of On's
tindings that in the colbistonless case the equations
of mouen are adentical to those for a (wo-dimen-
stonal tlurd. In the Nuid case the upward buoyancy
force is balanced by cmission of vortices in the
background fluid. This injects velocity turbulence
nto the background tluid in a wake which trails
behind the bubble. In the plasma case each vortex
corre .ponds to aline charge surrounded by a circular
F x B drift of the plasma as shown in Figure I3.
Since there 15 a background density gradient, this
vortex will create density irregularities with the
same scale size as the velocity turbulence.

Numerous theoretical studies of turbulence in
two-dimensional luids | Kraichnan, 1967 Lilly.

1969]) have shown that velocity injected into such
a fluid at some characteristic wave number k,, will
cascade 1o wave numbers both higher and lower
than k.. In the space domain this ‘inverse cascade’
to lower k implies that the velocity (and density)
turbulence will spread into the largest volume avail-
able in the system. Evidence for this dual cascade
in two-dimensional turbulence has been found in
the carth’'s atmosphere [Kao and Wendell, 1970)
and magnetosphere {Kelley and Kintner, 1978} .

Kelley and Otr {1978) suggest that the vortices
emitted by upwelling bubbles not only form a wake
but tend to fill the between-bubble regions (i.e.,
in an east-west direction) with velocity and density
irregularities via this cascade to lower k values.
Cascade to higher k also occurs, the ultimate spectral
cutoff occurring at some large wave number where
ion viscosity plays a role. This dissipation is most
effective near the ion gyroradius, and hence it seems
likely that the 3-m scale (Jicamarca backscatter)
lics in the dissipative subrange. Such a ‘cutoff’ in
the amplitude of irregularities at short wavelengths
was postulated by Woodman and Basu [1978], as
was discussed earlier.

In the intermediate range of wave numbers L_'
< k < L,', where L_is the stirring length (bubble
size) and L, is the dissipation scale, Kelley and
Ot [1978] predicted a k& * spectrum for velocity
or electric field fluctuations and a k ' power spec-
trum for density irregularities. This seems in con-
tradiction to numerous reports of a one-dimensional
k * density spectrum associated with equatorial
spread F. However, Costa and Kellev [1978a] have
shown that. at least in the case of bottomside
nonlinear structures, the k& 7 spectrum is due to
the steep edges in density encountered. Several
examples of the steep edges are clear in the data
presented in the top panel of Figure 15, obtained
during the passage of a sounding rocket through
bottomside spread F. The relative density (8n/n)
is plotted for an 8-s interval (~16 km along the
trajeclory).

As an illustration of the steep edge effect, Costa
and Kelley [19784a] performed a Fourier transform
of the data, shown in the top panel of Figure 1S,
randomized the phase in each Fourier component,
and reassembled the data in the time domain. Two
such random phase runs were made and are plotted
in the lower two panels. The upper plot displays
considerably more ordering into large structures
with steep edges than the lower two. One property
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Fig. 15. The upper plot is a detrended data stream obtained
on the bottomside of the F peak during equatorial spread /.
The lower two plots are reconstructed time domain samples
using the same data but with the addiion of a random phase
in the FFT (fast Fourier transform) before construction [after
Costa and Kelley, 1978a)| .

which characterizes the Fourier transtorm of steep
edges is a correfation between Founer components.
This correlation was destroyed in the randomization
process, which results in the ‘turbulencelike' data
shown in the lower two panels. Note that the power
spectrum of all three sets of data is identical and
varies as f * over most of the spectrum.

R. F. Woodman (private communication, 1976)
first suggested a phase coherence test as a way
of distinguishing between the dominance of steep
structure or turbulence in equatorial spread F. More
recently, Chaturvedi and Ossakow [1977] have
considered the nonlinear development of bottom-
side spread F. They conclude that steepened struc-
tures should evolve in time and that, in fact. a
k ’ spectrum would result owing to the steep edges.
They also suggested a phase coherence lest to
distinguish between such a process and a turbu-
lencelike mechanism proposed earlier by Chaturvedi
and Kaw [1976]. The results of Costa and Kelley
[1978a) described above seem to agree with the
sharp edge hypothesis.

4 SUMMARY

The following picture evolves from the discussion
above. Bottomside spread Foccurs in a widespread
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region (at least * 10° latitude) centered near the
magnetic equator in the postsunset hours. This
causes moderate  VHF scintillation.  Nonlinear
evolution of this process and/or the spatial reso-
nance of atmospheric gravity waves results in low-
density regions rising into the topside. leaving
behind a trail of counter-rotating vortices which
mix the background density pradient and create
irregulanties in density. Since whole (lux tubes
partake in this upwelling, a two-dimensional bubble
originating anywhere in this latitude range will have
effects in the topside. The bubbles may also be
‘wedges'’ extending upward from the F peak [Mc
Clure et al.. 1978 . In this case the plumes may
not be due to a wake effect at all but to a continuous
generation of irregularities at the edges. The density
gradients in the bubbles or wedges also dissipale
and create short-wavelength irregularitics. possibly
via the ‘universal® drift wave instability |Costa and
Kelley, 1978a. b; Burke et al.. 1979] or other
gradient-driven instabilities [Huba et al.. 1978].
Radio waves incident upon the equatorial iono-
sphere under these conditions are thus subject to
at least four different types of scintillating environ-
ment. (1) Just after sunset during the development
phase. the bottomside irregularities cause modest
amplitude scintillation effects due to the low abso-
tute Muctuations in electron density. [tis not known
whether large phase fluctuations accompany such
weak amplitude scintillations. as the Wideband
satellite does not have equatorial crossings at this
tme. (2) In the fully developed stage. bubbles are
continually emitted into the topside over a wide
range of latitudes. These bubbles may continually
stir the medium at wavelengths comparable with
the bubble dimensions (~10 km). In this event,
two-dimensional dual cascade spreads the velocity
and density irregularities to larger and smaller k
values. The cascade to smaller A, combined with
the vertical wake formation, tends to fill a large
volume with density irregularities. Alternatively. the
bubbles may be wedges, the steep edges of which
break down via a hierarchy of instabilines [Haeren-
del, 1974; Costa und Kellev, 1978a] . Incident radio
waves thus are subject to sharp discontinuities in
electron density in the bubbles as well as very thick
(in altitude) regions of power law type density
irregularities Very intense amplitude scintillations
have been observed during such times, as was
discussed in section 2, and it is expected that large
phase fluctuations will also be present. (3) In the
decay phasc (later local time) the velocity turbulence
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mjected by the bubbles, as well as the bubble
gradients themselves. decay via dissipation at large
k. In this phase the dissipation scale moves 1o
smaller & values [Kellev and Ou, 1978), so the
smallest-scale structures disappear first. Thus sig-
nificant kilometer-scale structures will still exist in
the medium and strongly affect scintillation even
though backscatter measurements hecome less in-
tensc. (4) Finally, the irregulanties observed near
mudnight are found to have neghgible spectral power
at meter scale dengihs but sull retain significant
power al longer scale lengths, which may cause
strong scintillations. Using mulusatellite scintilla-
uon observations, Basu et al. {1978b0] have shown
that these wrepulanities are castward drifting struc-
tures which seem to be characterized by a spectral
cutoft in the vicinity of tens of meters.

It has to be pointed out that two-dimensional
models of arregularity bubbles do not explain why
density depletions are observed to nise more fre-
guently than enhancements fall jHudson, 1978].
G. Haerendel (private communication, 1977) has
noted that density enhancements may be tied to
the £ region, whereas density depletions are free
to nterchange and dnft up. Also. recombination
tends to destroy talling enhancements as they move
into regions of higher neutral density. while upwell-
ing molecular 1ons in bubbles have a higher recom-
binauon coefficient than the surrounding O
[Szuszezewicz, 1978) . Finally, McClure et al. [1977]
have supgested that density enhancements may
spread oot over a broader cast-west extent than
depletons, thereby producing a smaller relative
enchancement. More exlensive expeniments are
required dunng which both velocity and density
irregulanuies are measured simultaneously as a
function of 4 1o solve the three-dimensional prob-
lem. Licctnice ficld measurements of the velocity
Hiclds are casier 1o perform on techmcal grounds
and are cquinvalent, since V. Ex B/ 8.

Vrom the sanudiation point of view it would be
highly dewirable to have a peostationary satellite
with the capabiliues of the present Wideband one
to momtor the focus and scatter components during
the ¢ veloping phase of arregulanties. Such mea-
surements in conjunction with the Jicamarca radar
obsernvations would provide vatuwable information
on spectral charactensties ol equatonal rregulari-
ties. Fhe nnding of Costa and Aelley [19784] and
Chaturvedt and Oxsahow [1977] regarding steep-
encd bottomside structures and the associated & -
spectrum s anamportant one. las thus quite crucial
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10 determine whether steepened structures also
dominate topside irregularity behavior in the devel-
oping phase. This may have far-reaching implica-
tions in scintillation modeling.
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The Dynamics of Equatorial Irregularity Patch Formation, Motion, and Decay

J. AARONS, ). P. MuULLEN AND H. E. WHITNLY

Aur Force Geophysics Laboratory. Hanscom Air Force Base, Massuchusetts 01731

E. M. MACKENZI:

Emmanuel College, Boston, Massachusetis 02115

Using scainullation observations from a senes of equatorial propagation paths as well as backscauer
and airglow data. the development, motion, and decay of equatonal srregularity patches have been stud-
ied. Assembling the results of earlier studies in the field with our observations, we find the following: the
patch has limited east-west dimensions with a mimimum of 100 km. Several patches may be melded to-
gether to reach an extent of 1500 km. Its magnetic north-south dimensions are often greater than 2000
km; the most intense irregulanties {as evidenced by the Jicamarca radar at the dip equator) are from 225
10 450 km in altitude. although rregulanties are found as high as 1000 km. The patch initially has a west-
ward expansion following the solar ternsnator, then, maintaining its integrity, moves eastward  Evidence
over a limited seres of experiments suggests that p fnight patches are formed within [ hours after
1onospherc sunset in the absence of special magaetic conditions. From Ascension Island (~16"S dip lau-
tude) the individual patches can be clearty distinguished. The decay of patches 1n the midnight bme pe-

riod was studied. pointing to a rapid decrease 1n scintillation intensity in this time period.

INTRODUCTION

Through theoretical considerations [Dungey, 1956; Haeren-
del, 1974; Hudson and Kennel, 1975 Scannapieco and Os-
sakow, 1976] bolstered by backscatter | Woodman and LaHo:.
1976] and in situ {Kelley et al., 1976, McClure et al., 1977} ob-
servations, it has been established thai nighttime ionospheric
equatorial irregularity regions emerging after sunset develop
from bottomside instabilities, probably of the Rayleigh-Tay-
lor type. The depleted density bubble rises into the region
above the peak of the F, layer. Steep gradients on the edges of
the hole {Haerendel, 1974. Costa and Kelley, 1978 help to gen-
erate smaller-scale irregularities with the high topside density
causing intense scintillation eflects [Basu and Basu, 1976:
Costa and Kelley, 1976). lrregularities in the wake of up-
welling structures have also been discussed |Woodman and
LaHoz, 1976, Kelley and Ott, 1978).

The depletions, with their vertical motion from altitudes be-
low the peak of the F layer into regions considerably above
that height, are being studied by a variety of models [ Basu and
Kelley, 1979]. Indications of patch size and veiocities have
been made in early work using equatorial spread F data. Co-
hen and Bowles [1961] found patches elongated at least 1 km
along the lines of force. Calvert and Cohen [1961] measured
drift velocity of the patches slowing from ~200 m/s pre-
midnight 1o ~100 m/s postmidnight. In these studies. mag-
netic east-west extent of the patches (of thickness of the order
of 50 km) could range from 150 1o 300 km to possibly 1000
km. Using scintillation, airglow, and backscatter techniques,
the aim of this paper is to outline recent results on character-
istics of the paiches during development, size and velocities of
the formed patches, and the total time that the patch main-
tained its integrity.

We shall refer to the patch as a unil irregularity structure.
The plume, described by Woodman and LaHo: [1976]. 1s one
form of the patch, deriving its name from the extended height
range of meter-scale irregularities detected in dramatic ex-
amples provided by the Jicamarca radar. In some plumes, ir-
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regularities are observed from 200 1o 800 km. However, in
other patches, detectable echoes from the Jicamarca backscat-
ter are confined 1o a thickness of SO 100 km. Even though the
maximum radar intensity may be identical in both cases, the
thin layer could hardly be termed a plume.

In an observational model summarized in Figure | we shall
show the following characteristics:

1. A new patch forms after sunset by expanding westward
in the direction of the solar terminator with velocities prob-
ably similar 10 that of the terminator. lt comes to an abrupt
halt after typically expanding to an east-west dimension of
100 to several hundred kilomelers. It appears 1o have a mini-
mum size of ~ 00 km.

2. Itis composed of field-aligned clongated rod or vertical
sheet irregularities. The vertical thickness of the patch is 50 to
several hundred kifometers. In the mean the patch encom-
passes a height region from 225 to 450 km, although rregular-
ities have been shown to exist 1o 1000 km.

3. [ts north-south dimensions are of the order of 2000 km
or greater, far larger than noted in earhier studies.

4. Once formed. the patch drifts eastward with velocities
ranging from 100 to 200 m/s.

5. Its duration as measured by scintillation techmques is
known (o be greater than 2%2 hours; individua! patches have
been tracked by airglow techniques up to 3 hours where they
have maintained their integrity | Weber e1 al., 1978].

6. Between patches the irregulanty structure can be com-
pletely undetectable.

Several of these characteristics have been observed in other
studies. For example, the ficld-aligned bubble mode! devel-
oped by Dvson and Benson [1978] from topside sounder data is
in form similar to Figure 1 and has been found to extend large
distances along the field lines. The characteristics noted above
pertain to irregularity patches formed in the pre local mid-
night ume period. Post local midnight patches may have a
different formation mechanism and hence different character-
istics. Airglow measurements (E. J. Weber and ). Buchau, pri-
vate communication, 1978) and scintillation observations as
will be outlined suggest thal no new patches arise after 1 2
hours after sunset except under special magnetic conditions.
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THREE DIMENSIONAL
PATCH MODEL
Fig 1. A magnetce equator wut through the general form of the
cquatorial patch, shown tollowing the contours of the earth’s mag-
netic field North-south dimensions are typically >2000 km, while it
may measuie several hundred kilometers cast-west and vary in verti-
cal thickness from S0 to several hundred kilometers,

OBSERVATIONAL MATIRIAL

The data to be utilized consist of cooperative measurementis
made primarily with the assistance of the Instituto Geofisico
del Peru. These measurements are given in Table [

T

The sunset hine moving westward al a velocity of ~500 m/s
initiates the condttions necessary but not sufticient for a patch
to form. Dunng some evenings, irregularities develop in a sys-
tematic westward motion. In Figure 2 we have illustrated the
senes of santillation staring events which ook place with a
westward motion on March 19 20, 1977 In the top panel a
tracing of a portion ot the backscatter observations at 50 MHz
s shown (P. McClure, personal communication 1977). A thin

FORMALION OF A NLW PATCH

DYNAMICS OF FQUATOREAL

TABLE 1. Observational Material

PATCHES

layer of relatively weak 3-m irregularities forms at 1935 LST,
but the plume starts to develop at 1950 LST. Greater values of
AN and increased thickness then occur. Scintillation activity
noted at Ancon on the GOES | beacon, the path closest to the
Jicamarca magnetic meridian, increases sharply at 1950 LST.

The timing of the start of scintillation activity at each of the
ionospheric paths is shown in the remaining panels. This tim-
ing coupled with the adjacent map indicates clearly a westerly
development of the patch. The sequence and direction of
starts are shown by arrows and a numerical order of com-
mencements.

Using the three VHF observations in order to equalize
starting time definition (Huancayo-GOES. Ancon-GOES.
and Huancayo A-3), a velocity of 200 300 m/s is determined
in the initial westward development. The paich has very large
dimensions E-W as borne out by the continuous high level of
activily at each of the stations. This relatively continuous ac-
tivity through the night does not allow us to determine a sub-
sequent eastward velocity by the gross motion of the patch.

A second illustration of a newly developed patch utdizes
data from the next night, March 20 2!, 1977. The Jicamarca
backscatter records are shown in the top frame of Figure 3.
Strongly backscattered energy was first observad at 2010 LST
In noting the scintillation activities, one can see the expansion
of the irregularity patch. its finite stop in the westward direc-
tion, and finally its motion eastward across the L-9 paths from
the two sites of Ancon and Huancayo

Using the criterion of start time measured from signal scin-
tillation greater than 6 dB, the scintillation activity was first
noted at 1950 LST on the Huancayo GOES 1 iniersection. de-
veloping in time on the Ancon GOES intersection, the Jica-
marca backscatter {along the same magnetic meridian). and
the Huancayo A-3 patch. The velocities of the developing

Fre-

AFGL Arrcraft

Al Al Arrcralt

Ascension Iskand

Station Lxperiment
Jwamarca radar backscatier (UTD)
Ancon spaced recetver scintillation

santillation
Huancayo scintillation

scintillation

scintillation
ionosonde
airglow

scintillation

scintitlation
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quency,
MHz Satellite Dates
50 T T oaste
March 1977
March 1978 N
249 L-9 Oct. 1976
249 March 1977
March 1978
137 A-3 March 1977
GOES 1 March 1978
254 L-¥
249 Ly Oct. 1976
257 + Marisat March 1977
1541 March 1978
137 Wideband
137 A-3 March 1977
GOES ) March 1978
249 L-9 Oct. 1976
March 1977
March 1978
249 L-9 Oct. 1976
March 1977
257 Marisat March 1978
137 SIRIO
249
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Fig. 2. Backscatter and scintillation data recorded on March 19 20, 1977, of several satellites observed from Ancon
and Huancayo. Peru. The accompanying map of the 400-km subionospheric points (01 UT positions shown by x) illus-
trates the westward development of the patch (over a longitudinal range of =X°) through the use of arrows and the numen-
cal order of commencements. The ground posiions of the wtes are given (1.e., ) in order to picture the angle of elevauon

to the satellite. *Overhead’ satelhites are close to the stations

patch were of the order of 160-200 m/s westward as calcu-
lated from the times of rise at these intersections. This particu-
lar patch never extended westward far enough 1o reach the
longitude of the Ancon intersection to L-8. However. later.
another patch, originating probably west of Ancon, moved
across the Ancon L-8 path and joined the irregularity activity.
The minimum extent of this enlarged region was of the order
of 300 km.

Once the patch was formed, its motion eastward could be
followed by noting the time of passage across the paths of L-9
from Ancon and from Huancayo. Measurements of the satel-
lite were at relatively low angles of clevation and involve an
early peaking ~2020, arriving at both stations after its appear-
ance in the west.

During all three campaigns, spaced receiver measurements
of LES 9 were available from Ancon to determine drift veloc-
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ity. The east-west spacings of the measurements from Ancon
using the 249-MH: beacon of LES 9 were 122, 244, and 366
m. Different spacings were used on various nights. The data
tndicated (hat at the beginning ol each patch. old or new, ve-
locities were not unidirectional. On the night of March 19-20
(Figure 4), spaced receiver measurements show a low correla-
tion and fluctuating velocity during the development period
from 1930 10 2100 LST. This was perhaps due to the fact that
only 366-m spacing was available. but it is also possible that
the terminator motion, vertical velocities, and eastward drifts
produced fluctuating velncity values (eastward and westward).
After 2100 LST, the eastward velocities stabilize between 150
and (80 m/s.

In almost all cases as the patch moved to the east over the
propagation path from Ancon to the LES 9 satellite, the pat-
terns stabilized, 1., the velocities showed consistently east-
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Fig 3 Backscatter and scntiflation duta recorded on March 20 21, 1977, of several satellites observed from Ancon
and Huancayo, Peru Through the use of arrows and the numerical order of commencements on the accompanying map,
one can see the westward development of the srrcpulanty patch (over a longitude range 75°-78°W), the end of the west-
ward motion, and finally the castward motion across the 1.-9 paths. The ground positions of the sites and the 400-km sub-

1onosphernic positions are illustrated as 10 ) igure 2.

ward direcuon and exhibited high peak cross-correlation  tion duration at Ancon L-9 to be 2 hours 40 min, the patch ex-
functions On the night of March 20 21 the velocity measure-  tent would be 1440 km. By viewing the backscatter record, the
ments are rather stable and well correlated al a value of 150  patch appears 1o have this extent because of the large number
m/s for the enure period of available spaced receiver mea-  of closely spaced plumes. This almost continuous scintillation
surements. Using this velocity and considering the scintilla-  activity makes it difficult to separate the record into individual
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Fig. 4 Spaced receiver data showing velocity and correlation on
March 19-20, 1977, exhitwung fluctuating velocities with low correla-
tion at time of patch formaton

patches. As the patch continues eastward, some higher veloci-
ties, around 200 m/» were noted. correlating well with the ve-
locity calculated from scintillation onset on the propagation
paths.

As shown in the detailed tagging of paiches in Figures 2
and 3, one can follow the path of patches as they move cast-
ward. This was done for several sets of data including the in-
terrelated sets from Ancon and Huancayo in the three cam-
paigns as well as differing propagation paths as recorded
simultaneously at Ascension Island. Each patch observed later
than 1 hour after jonospheric sunset was observed first in the
west and then in the east. Afier local midnight, however, due
to lower velocities and to the decrease of intensity of irregular-
ities, this test could not be used with certainty. With data simi-
lar to the cases of March 19 20 and March 20- 21, we exam-
ined the hypothesis that all patches onginated within 1 14
hours of local ionospheric sunset (at 300 km ~ 19 hours 14 min
LST in March and 19 hours 3 min LST n October), all other
patches would then be old patches.

Given the limited number of days and more importantly
the ‘running together' of individual patches, this hypothesis
held. Patches seen after 14 hours after ionospheric sunset ap-
peared first in the west and moved eastward.

TH: DECAY OF PATCHES IN THE MIDNIGHT
TiME PERIOD

Some patches show evidence of decay observed on the
propagation paths available during these campaigns. Data
from the backscatter radar and the aircraft as well as ground
recordings of Wideband and the synchronous satellites illus-
trate this for several cases.

Figure 5 illustrates the backscatter records for March 16-17,
1977. Over Jicamarca the irrcgularitics appeared slightly be-
fore 2300 LST, maintained medium level intensity in the alti-
tude region 300-600 km until 2330 LST, then trailed off in in-
tensity at the higher altitudes until 0030 LST. The trailing off
appears to be a decrease in intensity of the 3-m irregularities.

From Wideband data at Ancon (SRI) and at Huancayo

39

ties ni. atain medium-level intensty from =2300 1o 2330 LST, at
heights of 300-600 km, then disappear at the lower alutudes and trail
off in intensity at the higher altitudes unui 0030 1 ST

(AFGL-IGP) a patch could be noted nearly over Jicamarca
with a sharp eastern front at 76”W at 2318 LST. In Figure 6,
data from the aircraft. tracing a route from 3° north to 3°
south of Jicamarca but off 3° 10 the west indicated scintilla-
tions as high as 12 dB across the patch in the ume penod
from 2300 10 2325 LST Aarglow data are available which
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Fig. 6. Scintillation observations of the LES 9 beacon seen at An-
con and Huancayo, Peru, and by the AFGL aircralt tracing a route
over Jicamarca, on the same day as the backscatter records shown in
Figure 5. The eastward movement of the patch is shown with the in-
tensity of scintillation falling off corresponding o the drop in in-
tensity of the backacatter.
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wenudy this patch The activity on the path from the aucralt
1o the sateline decreased adter 0020 unul dow levels were
reached at 0100 LST. The Ancon path to LES 9 (also shown
in Figure 6) has a maximum ol H-dB fades with a start of
some activity at 2350 LST this position s 10 the casi of the
awircratt viewing. The veloaty, as deternuned from spaced re-
cevers at Ancon, however, remained about 90 m/s, only the
wregulinty intensity decreased as the patch moved castward
The Huancavo L-9 maximum excursions (040 0050 LST)
were of the order of 3 dB. Wathin ' hours or less, the santil-
laton fevels decreased from (2 10 3 dB at 254 MHs The
Marnisat records. tar 10 the cast. showed no saintillation activ-
Wy after this ime.

A second decay of a patch will be allustrated with the data
from March 19 200 1977 (cather developments from this might
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were shown in Figure 2). A tracing of the contours of back-
scatter during the time penod 2230 0130 LST as shown in Fig-
uee 7. Weak irregulanities of 3-m size are present at 200-km al-
titudes; the large-scale irregulanities are sull fully developed as
wias shown by Basu et al. [1978]. Airglow observauons in-
dicate that this patch was one previously developed and not a
new patch.

In Figure 7. scintillation panels are shown vertically in east-
ward sequence. One can note that the patch arrives sequen-
tially later toward the east. The paths farthest to the cast show
low levels of activity (Ancon L-9) or no scintillation activity
(Huancayo 1.-9).

The evidence for slowdown in velocity of this patch is from
the aircrall as shown in Figure 8, where the rate of scintilla-
ton tading s shown. When the arrcraft flies westward against
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Hackseatter and scmntllanon data of several satelhites observed from Huancayo and Ancon recorded on March

1920, 1977 atier 2208 N1 llustrating patch decay. The accompanying map documents the eastward motion of the patch,

sMowing dewn and decaving

teated i the same naner asn Figure 2, but for 05 1))

as ot travels The ground positions of the mites and the 400-km subtonospheric points are illus-
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Fig. 8. Fading rates and saintillation observations made by the AFGL aireraft of the LES 9 beacon on March 19 20,
1977. These data illustrate the slowing down of the patch after 2350 LST

irregularity motion (2120 for example), it would be expected
to show a rapid rate of fading. since it moves through many
irregularities. When it flies eastward along with the motion of
the irregularities, it usually shows a very low rate of fading,
for example. at 2200. Fading rate would be zero if the aircrafi
motion matched the irregularity velocity. In the case of flying
castward (0030-0050) and westward (2350-0020), when the

patch was decaying, almost the same rates are shown. in-
dicating that the velocity of the irregularities has slowed
down.

The decrease in activity is also shown in this time penod
from 15 dB (the aircraft and Ancon L-8 levels) to Jess than |
dB in somewhat over an hour later in this midnight time pe-
riod. From this and other days on which there were similar

ASCENSION ISLAND MARCH 10-11,1978

L Y T N T T
NS | /o~ N TN Rl .
ZIOT 2260 23‘60 (I)EO O?OO 0200 VT
LES-9 .
*
\\
N MARISAT
N\, -
AY ] T —
\,
™~ ' ——
] \\
\
A )
ASCENSION ISLAND Sooe
_ EQUATOR *.

Fig. 9. Scintillation data observed from Ascension istand of the LES 9 and Marisat heacons on March 10 11, 1978
The geometry of the observation is also shown, illustrating that the ohliguity of the LES 9 path wipes out the possiblity of

, viewing a single patch on this day Marisat viewing s almost vertical.
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TABLE ? Dhstebution of Obseevations by Duration

Ascension sland Ancon Goes
SIRIO Pytches Patches
Duraton (1978) (1977)
<30 min V% 14
30 mun to | hour 3% 14%
I 2 hours 28%. 41%
2 Vhours 3% 4%

=3 hours 6% 20%

occurrences it appears that the patches maintain their activity
from postsunset to about midnight, then decay in ime periods
of the order of | hour.

TiMt DURATION Of PATCHES

To some extent. the beginning and the end of a scintillation
patch are determined by observational parameters. At micro-
waves, since a large AN and thickness are needed, only intense
irrepularities produce fading cHects on radio waves; at VHF,
weak irregularities pioduce small fluctuations in signals be-
fore the ntense region develops or moves over the propaga-
tion path. Microwave patch durations will therefore be shorter
than those noted from VHF observations. A second observa-
twnal has will be geometrical. Oblique observations to the
east of to the west from equatonal positions may encompass
more than one patch; therefore in these azimuths, patch dura-
tion will appear to be longer and the irregularity structure be-
tween patches more difficult 1o define.

The duration of saintillation is a function of the three-di-
mensional obliquily of the path. An exampie of the drawn oul
extent of scinullation at a low angle of elevation toward the
west compared o a nearly uverhead viewang 1s shown in Fig-
ure ¥ We have plotted reduced data from Ascension Island of

PATCH DURATION - ASCENSION ISLAND

SIRIO {1978)
1- <30 MIN.
2-30MIN - MR
3-1-2 WR
4- 2-30R
5- >3HR
a0,
0
— N
-
Z
o 20}
[ 4
-
a
o
1
o 2|3fa]s]

abservations of LES 9 viewed at 300° azimuth, 20° elevation
compared 10 those of Marisat at 80° elevation, 350° azimuth.
The obliquity of the path to LES 9 effectively wipes out the
opportunity to view a single patch, since for the patches de-
picled (data from March 10-11, 1978) the path from LES 9
encompasses three patches.

With these caveats in mind, we have chosen to compare
patch E-W dimensions as noted on GOES observations at An-
con (78.6°W in 1978, 76.9°W in 1977) with the SIRIO obser-
vations from the Ascension Island (14.4° W), both at 137
MH: and both with longitudinal intersections close to their
magnetic meridians, thus minimizing the effects of obliquity.
These observations are distributed by duration as shown in
Table 2 regardless of pre- or post-local midnight starting time
of the patch.

Two thirds of the SIRIO patches are of duration less than |
hour, while only 25% of the Ancon GOES patches lasted less
than | hour, using the criterion of start and stop of the 6-dB
level (Figure 10).

A smaller amount of data from the Ancon GOES observa-
tions in 1978 is available, taken during the same time period
as the Ascension Island SIRIO data. Eight of the 10 patches
observed were of duration greater than 1 hour.

It is clear that observations taken from Ascension Island
showed narrower E-W dimensions than those from Peru.

The explanation is thought to lie primarily in the latitudinal
distance of the intersection of the propagation path from As-
cension to the satellite. The higher-altitude irregularities ob-
served in the ionosphere above the dip equator are mapped to
low altitudes when the intersection point is ~16°S dip lati-
tude. Thus 600- to 800-km irregularities observed above the
equator appear at 200-250 km on the propagation path from
Ascension. The lower-altitude irregularities at the equator are
probably rapidly dissipated. Thus the connecting tissue (mod-

PATCH DURATION ~ ANCON , PERU

GOES (1977)
1- <30 MIN
2- 30MIN - I HR
3- 1-2HR
4- 2-3HR
S- >3HR

a0, j

30

20} a

-
o}
1
o 2| 3] a]s

Fig. 10 Histogram companng percent occusrence of patch duration observed in Ascension Isiand SIRIO (1978) scn-
ullation data with Ancon GOES (1977) sontillation data. The Ascension Island Patches are of noticeably shorter di

than those observed 1n the Ancon data.
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ASCENSION ISLAND
MARCH 5, 1978

SIRIO SCINTILLATION

2200
LT

| - PATCHI —»

2300
LT

| |t~ PATCH -2 |

Fig. 1. Scintilation observations of the SIRIO beacon at Ascension Island on March S, 197K, The quenching of soinul-
lation activity (~ 23X} between palches 1s casily seen

erate irregularity levels) from one plume to another, such as
seen in Figure 3, for example. disappears.

The minimum patch extent noted ~16°S dip latitude can be
ascertained from this data. Using an eastward velocity of 100
m/s (obtained from airglow measurements by the AFGL air-
craft (E. Weber, private communication, 1978), a minimum
patch (E-W extent) of the order of 100 km is calculated for the
data shown in Figure 11 on March 5. 1978. The illustration
shows clearly the quenching of scintillation activity between
patches at Ascension Island. Thus for ascertaining the scintil-
lation activity encountered for 4 path, the latitudinal distance
to the equator must he factored into the morphological pic-
ture.

PATCH ALTITUDE AND THICKNESS

Using the backscatter observations taken a( Jicamarca
(kindly supplied to us by J. P. McClure of the University of
Texas at Dallas), we developed a composite contour of height
and thickness for each intense campaign period. For each
night the altitudes and periods of time were used when con-
tours were within 6 dB of the maximum backscatter return on
that night. Backscatier returns have been detected at altitudes

FREQUENCY OF
OCCURRENCE

30%
8%
23%
2%

as large as 1000 km. Our data reduction technigues utilize
only the stronger returns of more intense irregularities.

Figures 12a and 12h llustrate the results from 8 nights in
October 1976 and 9 in March 1977, In these cases the altitude
range for intense trregularities is from 225 to 450 km, pre-
dominantly in the time period before local midnight. usually
1930 2200 LST. The backscatter data for March 1978 exhib-
ited the same temporal maximum as the March 1977 data but
at slightly higher altitudes (Figures 12¢). The 1978 data were
taken during a month when the solar flux was high (~150)
while in October 1976 and March 1977 the solar flux values
were 75 and 77, respectively.

IHISCUSSION

In carlier papers discussing results of the backscatter mea-
surements {Farley ¢t al.. 197y, Woodman and 1.aHo:z, 1976] a
difemma scemed 1o arise relative to the backscatter results. No
distinction would be made between newly or previously devel-
oped patches. While it was known that palches were gener-
ated afler sunset, a tag could not be placed on an individual
patch as to its ‘age.” Thus when Farley et al. [1970] analyzed
height changes relative to the generation of patches, data for

BACKSCATTER PARAMETERS
648 BELOW MAXIMUM

OCT 1976
8 NIGHTS
i i A 4 UV U
1930 2000 2100 2200 2300 2400
LOCAL TIME
Fig. 12a

Fig. 12.  Composite contours of height and occurrence with time of Jicamarca backscatter observations. The occurrence
contours on a given night were taken (o a level 6 dB down from the masimum backscatier observed on that night. (a) Oc-
tober 1976 and (b) March 1977 datua illustrate the height range for intense irregularities as 225 450 km, at > 1930 2200
LST (¢) March 1978 s exhiit this same temporal maximum but at slightly higher altitudes.
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FREQUENCY OF

OCCURRENCE
35%
33% BACKSCATTER PARAMETERS
22% 6dB BELOW MAXIMUM
1% MARCH 1977
9 NIGHTS
500
400
200
100}
L i 1 1 1
1930 2000 2100 2200 2300 2400
LOCAL TIME
Fig. 12b

all patches were used in the analysis From the data noted in
this paper it 15 clear that even at times when the first patch was
observed on any might, this could be an *old" patch.

From scintillation observations in this limited data sample
1w appears that premidnight patches anse within 11} hours af-
ter onospheric sunset; the optical data acquired during the
campaigns | Weber et al., 1978] indicate more clearly that new
patches did not develop afier about 1} hours past ionospheric
sunset. Thus carlier studies on spread F and backscatter con-
cerning the nccessary conditions of ionospheric height and
rate of vertical dnft must be reevalulated. since the patch may
have been formed earlicr in a region far to the west of the
sounder.

Although there has been considerable study of the vertical
development of the irregularity patch |Ossakow er al.. 1979Y),
there has been only a relatively small amount of work relative
to the mttiating mechanism (the necessary and sufficient con-
ditions to develop a bubble in a realistic atmosphere). One
proposal has been the spatial resonance cffect. i.e.. the phase
velocity of atmospheric gravity waves matching the plasma

FREQUENCY OF
OCCURRENCE
66%
50%
33%
25%

km

drift veloaty of equatorial irregularities [Rotiger, 1978, Klos-
termeyer, 1978, Koster and Beer, 1972}. However, even with
this hypothesis there has been little detailed correlation of at-
mospheric parameters. At one observing point, for example,
Huancayo, Peru, a night having hours of intense irregularities
may be followed by a night of no activity.

The confinement of a patch to a limited east-west extent
should be explatned. At the equator the plume is a dramatic
example of the limited extent; at distances from the equator.
the Ascension Island observations have shown the con-
finement of individual patches.

Once the patch is formed, it stays together for hours. It
would be well 1o know why the patch remains a unit structure
and why the patch continues to produce irregularities. Farley
et al. [1970] state that at 300 km, diffusion would destroy the
small 3-m irregularities in 10-20 s or less. Yet, the total struc-
ture, containing 3-m to larger irregularities, lasts considerably
longer than that. Centainly the larger irregularities are pro-
duced in the patch over the order of hours as we have shown.
The 3-m irregularities probably endure somewhat less [ Basu er

BACKSCATTER PARAMETERS
6dB BELOW MAXIMUM
MARCH 1978

6 NIGHTS

4 Jd 1 d 4
1930 2000 2100 2200 2300 2400
LOCAL TIME
Fig. 12¢
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al., 1978). Kelly and Ou [1978) have discussed density irregu-

larities created by turbulent electrostatic fields in the wake of

upwelling structures. These irregularities would expand 1o
larger- and smaller-scale sizes of which the shortest wave-
lengths would dissipate more rapidly.

A detailed description is needed of the possible processes
taking place along the magnetic tubes encompassed by a
patch. It 1s not clear what occurs when the field lines from 300
1o 600 km at the equator dip to altitudes of 200 km @ ~&
16°S dip latitude.

The decay of patches has been outlined. The decay of the
wurbulent electrostatic field appears to be the mechanism re
sponsible for the lifetime of the irregulanties [Kelley and Ou.
1978). The data for the midnight time period shown n Figure
8 indicates that at 250 MHz. decays of 10 dB took place in an
hour. There are nights when scintillations last into the morn-
ing hours, with decreased intensity and with slow velocities.
These have not been illustrated in this paper but have been
observed.

CONCLUSIONS

It is now possible to observe experimentally the formation,
maintenance, and decay of individual patches. The patch is
the basic unit structure of the irregularities in the equatorial
region. The irregularities exist along lines of force with prob-
ably the higher altitude irregulanties accounting for the most
distant north-south patches.

During the development phase, a westward expansion of
the patch has been noted. When the patch has formed. it has a
limited east-west extent. Once formed, it moves eastward. At
equatorial latitudes a connecting tissue or continuing irregu-
lanty activity frequently accompanies both the backscatier
and the scintillation patch. At large distances from the dip
equator the individual patch stands out more dramatically.

The decay of the patch is difficult to follow, since the slow-
ing down of the structures at times accompanies decay. Future
theoretical studies should consider the patch characteristics
established in this study and seek to explain the origin. main-
tenance, and decay of the unit patch structure.
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Coordinated Study of Equatorial Scintillation and In Situ and Radar

Observations of Nighttime F Region Irregularities

SANTIMAY BAsU.' J. P. MCCLURFE. SUNANDA BAsu,' W. B. HANSON,? AND J. AARONS’®

A coordinated set ot Atmosphenc Explorer b (AE-E) satellite in sitw, VHF radar backscatter. and scin-
tillation measusements performed durtng 1977 over a common 1onosphenc volume is used to study the
relationship between the plasma depletions or bubbles, the extended 3-m irregularity structures known as
plumes and bursts of santillaton activity of patches in the nighttime equatonal Fregion. 1t s shown that
1n the early evening hours saturated VHE and UHF santillation and 3-dB fluctuations (propagation path
in the cast-west plane where the eflect of anisotropy s least) at 1.54 GHz are obtained 1n association with
strong 50 MH/ radat backscatter, implying near ssmultaneous (~min) exciauon of large scale (~km to
WX m) and 3-m arregulanities. In this early developed phase of irregulanities, the AE-E in situ measure-
ments detect strong Ructuations of won concentration with very sharp spaual gradients. The power spectra
of these Huctuations in the scale length range of 10 km 100 m conform to a power law variation with
une-dimensional spectral index ~1.5. The postmidnight penod. on the other hand. is found to be charac-
terized by an absence of radar backscatter and presence of only marginal GHz scintillation activity.
However, strong VHI saintiliations and somewhat weaker UHE activity s found to persist. The AE-E
measurements sndicate that duning the late phase. the spatial gradients of ion concentration become shal-
lower and the spectral intensity of the arregulanties < 500 m decreases by about two orders of magnitude
as compired with that secorded duning the onset phase. The irregularity spectrum conforms to a quasi-
gaussian description with correlation lengths of the order of a kilometer, which corresponds to the Fres-
net dimensions of VHE scintillation observations. The implications of the obseived spatial structures and
the level of ambient concentraton on the generation of 3-m irregularities and scintiliation modeling are

discussed.

1. INTRODUCTHION

‘Bubbles’ and “plumes’ are new terminology currently used
by geophysicints to describe the state of the irregular nighttime
equatonal ionosphere that have also been identified with scin-
tflation patches by the propagation communitly [Basu and
Kelley, 1979}, Plasma bubbles signify the spatially abrupt and
irregular decreases (tens ot kilometers) of won concentration as
detected by satelhie and vowket in sty mecasurements per-
tormed over the mghttime cquatonal ionosphere | Hanson and
Sanatani. 1973; Kelley et al., 1976. McClure et al., 1977). The
presence ot large upward (~150 m/s) and smaller westward
(tens of m/s) velocty in some of these bubbles has been de-
tected. the upward component being spatially structured and
the westwird component being more uniform. Plumes. on the
other hand. describe the tilted ¢nvelope of irregulanty struc-
tures observed at irregularity wavelengths of 3 m or less in the
nightime equatorial F regiod: that rise from contipuous irreg-
ularity patches at lower altitudes and extend as discrete struc-
tures 1o the topside 1onosphere at altitudes as high as 1000 km
[Woodman and LaHoz. 1976, Tsunoda et al.. 1979). Such
plumelike ~iructures that. on occasion, occur at periodic inter-
vals were first observed by Woodman and LaHoz [1976] by
employing the digital power mapping techmigque to backscat-
tered signals obtained by the 50-MH7 radar a4t Jicamarca

Transwonosphenic commumication inks established near the
magnelwe equator indicate that during mighttime the received
signal power over the VHE-GHz band exhibits considerable
fluctuations. and such sweintillation structures are often tempo-
rally discrete. Preluminary investigations on radar backscatter
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S Upaversity of Fexas at Dallas. Richardson, Texas 75080,

' A Force Geophysies | aboratory, Hanseom Air Foree Base, Bed-
ford. Massac husetts 01731

Copynight @) 1980 by the Amenican Geophysical Union

«ps and scintillation activity near the magnetic equator
aowed thal the plume structures give rise to intense scintilla-
tion actuvity at VHF and UHF |Basu et al., 1977]. The coexis-
tence of kilometer and meter-scale irregularities [Basu et al.,
197%] in the nightime equatorial F region was indeed reveal-
ing itom the point of view of plasma processes. it provided an
impetus for performing coordinated radar and scintillation
measurements near the magnetic equator that, in addition to
conlirming the above. yielded interesting results on the local-
ized generation, the drift, and the decay of irregularity struc-
tures that give rise to plume structures and scintillation
patches |Basu and Aarons. 1977; Aarons et al., 1978, 1980].

It may be noted that scintillation observations in the VHF-
G Hz range sample the ionospheric irregularities with wave-
lengths ranging from about a few kilometers to 100 m, the
bubble signature in the in situ measurements implies the pres-
ence of irregularities in the wavelength range of several tens of
kilometers down to few tens of meters, whereas the 50-MHz
radar samples the irregularities at a particular wavelength of 3
M at vVarious ranges.

In this paper the phenomena of bubbles, plumes, and scin-
tillation patches in the nighttime equatorial F region are cnti-
cally examined from a coordinated set of in situ, radar, and
scentillation measurements performed over a nearly common
wnospheric volume. The purpose of the paper is to study the
evolution and decay of the plume structures and scintillation
activity over the VHF-GHz band in relation to the observed
spatial structures of 10n concentration within the plasma bub-
bles. The need for such a study has recently been emphasized
in the U.S. National Report on ionospheric irregularities pre-
sented at the UGG meeting at Australia in December, 1979
|Ossakow, 1979]

2. OBSERVATIONS

The coordinated set of measurements performed on March
21, 1977 (UT date) s indicated in Figure 1. At Jicamarca (ab-
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e

U IC ) lhe subsatellite tracks of Atmospheric Explorer E

pheric positi (referred to an altitude of 400 km) of

saintillation measurements performed at Ancon (A) and Huancayo (H) with various geostationary satellites on March 21.
1977, are indicated. The satellites Les 8, Les 9, ATS 3. Goes | and Marisat are abbreviated as L 8, L9, A 3, G 1. and MAR,

pectively. The proj

breviated as JIC in the diagram) with a magnetic dip location
of 2°N, a 50-MHz radar backscatter map of echo power from
3-m irregularities at F region heights was obtained by using a
modification of techniques developed by Woodman and La-
Hoz [1976].

From the two ground stations at Ancon (A) and Huancayo
(H), multifrequency scintillation observations were performed
with various geostationary satellites. The satellites ATS 3 (A
3) and Goes | (G 1) provided transmissions at 137 MHz, Les 8
(L 8) and Les 9 (L 9) satellites provided transmissions at 249
MHz, and Marisat (MAR) provided transmissions at both 257
MHz and 1.54 GHz. The intersections of the 400-km iono-
spheric beight with the propagation paths from different
geostationary satellites to the two ground stations are in-
dicated in the diagram by the first letter of the ground station
(A or H) followed by the abbreviated name o1 the satellite as
indicated earlier. The subionospheric positions of Les 8 and
Les 9 satellites varied considerably during the period of obeer-
vations owing to the finite orbital inclination of the satellites.
As such, along the jocus of the subionospheric positions of
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B3

of the earth’s magnetic field at the ionospheric height is shown by dotted lines.

these satellites the universal times 0200, 0400, and 0600 are in-
dicated. 1t may thus be noted that by scintillation measure-
ments the ionospheric volumes lying within the longitude
swath of 67°W to 80°W were probed at intervals of only a
few degrees.

On March 21, 1977, three successive (ransits of Atmo-
spheric Explorer E (AE-E) satellite occurred between 0200
UT to 0530 UT over the longitude interval under study. The
subsateltite tracks of AE-E for the three successive orbits 7048,
7049, and 7050 are shown in Figure | with the universal times
marked along the track. [t should be noted that these orbits of
AE-E were nearly circular with a nominal altitude of 250 km.
Ia the present study we shall utilize the data obtained by the
retarding potential analyzer (RPA) and the ion drift meter in-
struments on board the AE-E satellite. A complete description
of the instruments and the data acquisition system can be ob-
tained in Hanson et al.. |1973) and Hanson and Heelis [1975).
The RPA provides the total ion concentration every 4.45 ms
corresponding to 35-m spatial resolution along the orbital
track. The ion drilt meter provides data on plasma arrival an-
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gies (pitch and yaw) with respect Lo the attitude of the space-
cratt. The total wn concentration 1s also available from this
instrument every 1/16 of a second corresponding to a spatial
resolution of about 500 m_ Since charge ncutrality can be as-
sumed at F region heights, the electron concentration can be
identified with the total won concentration provided by the in-
struments. This assumption is important as both radar back-
scatter and scintillations ure caused by the electron density
fluctuations in the onosphere

v REsULIS
a  Radar Measuremenis

In Figure 2 we show the results of 50-MHz radar backscat-
ter observations al Jicamarca made on March 20 21, 1977, be-
tween 1900 LT and 0140 1T, The diagram illustrates the tem-
poral vanaton of range and ntensity of 3-m irregularities
observed on this night. The range and time scales are given by
the ordinate and abscissa, respectively, while the intensity of
the echo power 1s provided by the different shades in the
range of b 4% dB above a reference power level corresponding
10 one-yuarer of the approximate maximum incoherent scat-
ter level
It may be noted that the radar commenced to detect weak
3-m arrepulanties from an altitude of about 300 km at 1930
1.T The layer thickness ot weak irregularities increased pro-
gressively o about 25 kmoat 2010 LT, after which a senies of
wntense and spectacular plume structures were observed Some
of these plumes extended all the way from the bottomside ¥
region to 70 km, the alutude limit of the backscatter maps
presented here.

Concentrating on the lowest aluitude of backscatter returns
shown i tipure 2 we observe a gradual rise of the minimum
altitude at the commencement (1930 LT to 2010 LT), a cusp-
hike atitude modulation of the first plume’s underside
around 2050 LT and a gradual but spectacular fall between
2000 1T o 2250 LT from 350 km to 185 km. While the initial
e and hnal fall can be related to the typical behavior of
equatonal £ layer after sunset, the altitude modulation of the
bottom of the 3-m echo region 15 rather significant. Such in-
irustions a-~ociated with the Rayleigh-Taylor instability [Bal-
sley et al . 1972, Haerendel, 1974) have been schematically rep-
resentcd by Woodman and LaHo: [1976] and recently
demonstrated by computer simulations of the collisional
Rayleigh-Taylor instability with anitial long wavelength
plasma density perturbations | Zalesak et al., 1978]. It may be
of nlerest to note that such intrusions are most marked in
plumes that are detected early in the evening.

48

b.  Scintillation Measurements

Figures 3a and 3b show the results of multifrequency scin-
tillation measurements performed at the two ground stations.
The different panels 1in Figure 3a are arranged from top to
bottom in the order of decreasing west longitude of the sub-
ionospheric position (intersection of the propagation path
with 400-km ionospheric height) over the interval of about
79°W to 75°W. The precise subionospheric location of propa-
gation paths for the different panels may be obtained from
Figure |. Each panel in the diagram shows the temporal vari-
ation of scintillation index in dB [Whitney et al., 1969] as
scaled from the data over successive 2.5-min intervals. The dif-
ferent panels in Figure 3b are similarly arranged in the order
of decreasing west longitude of the subionospheric position
covering the longitude interval of 75°W to 67.5°W and in-
dicate the temporal variation of scintillation index (dB) on re-
spective propagation paths.

Considering the different dynamic ranges of VHF receivers,
we conclude from panels 2, 3 and 4 of Figure 3a that VHF
scintillations were saturated for more than 4 hours on all VHF
links. The UHF links (panel 1 in Figure 3a and panels 1, 2.
and 3 in Figure 3b) also attained saturation levels but over
shorter periods of time lasting for about 2 hours. It shouid be
noted that the dynamic ranges of VHF receivers at Huancayo
were limited to about 16 dB, whereas the receivers at Ancon
had wider dynamic ranges extending to about 25 dB.

In order to compare the temporal behavior of 3-m irregu-
larity structures obtained from the radar power map (Figure
2) and the integrated strength of kilometer scale irregularities
provided by scintillation measurements, we find that the ob-
servational result of the communication link between the
Goes satellite and Ancon station (panel 3 of Figure 3g) is most
suitable. The propagation path of this link was located only 10
km to the east of the radar illumination at 400-km altitude
and thus the radar and scintillation measurements pertain to a
nearly common 1onospheric volume. In view of the spatial lo-
calization of nighttime irregularity structures in the east-west
direction |4arons et al.. 1978. Basu and Aarons, 1977), it is im-
portant that the radar and scintillation measurements probe
ionospheric volumes that are separated by not more than a
few tens of kilometers in the east-west direction. Comparing
panel 3 of Figure 3a with Figure 2, we note that the onset of
137-MHz scintillations did not occur before 0050 UT (1950
LT at 75°W meridian) although the radar was detecting a
weak and thin layer of 3-m irregularities at 300 km for nearly
20 min prior to this time. It is not, however, clear if the back-
scatler return during this time truly represents an irregularity
layer or merely shows the signature of partial reflections from
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Fig. 3. (a) Temporal variation of scintillations recorded on different propagation paths over the subionospheric longi-
tude interval of 79°W-75°W straddling the radar site at Jicamarca. (b) Same as in Figure 3g over the subionospheric ton-

gitude interval of 75°W-67°W.

sharp vertical gradients in clectron concentration {Baisley and
Farley, 1975]. Shortly thereafter, at 2015 LT, an explosive de-
velopment of VHF scintillation to saturation occurs in con-
junction with moderately strong (18-36 dB) backscatter returns
from 3-m irregularities extending over an altitude interval of
about 100 km. After this event, the radar map exhibits a series
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of spectacular plume structures until about 2250 LT, whilc
VHF scintillations remain saturated. The radar fails to detect
any conspicuous irregularities after 2300 LT except for some
roarginal backscatter prior to 0100 LT.

Scintillstion measurements on Ancon (Goes) path indicate
that scintillations persist until 0200 LT (or 0700 UT) and., in
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fact, saturated VHE scinullations are observed between 2250
LT and 100 LT when the radar failed to detect any con-
spictous backscatter events. The intercomparison confirms
the earher findings of Basu et al. [1978) that kilometer and
meter scale irregularities coexist in the carly phase of equa-
torial irregularity generation during nighttime, but in the late
phase. even though the meter scale irregularities decay the ki-
lometer scale irregularities persist for several hours longer.

A study of the different panels of Figures 3a and 3b in-
dicates that the irregularity structure that caused scintillations
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shown in panels 2, 3, and 4 in Figure 3a between 0040 UT
(1940 LT) and 0200 UT and also backscattered the 50-MHz
signal at Jicamarca covered a longitude interval of at least
75°W to 78°W. The structure did not extend much farther to
the west, as the UHF propagation link from Ancon to Les 8
(panel | in Figure 3a) failed (o detect any scintillations during
this period. On the other hand, the irregularity structure that
caused scintillations on Ancon (L 8) propagation path be-
tween 0140 UT and 0500 UT is expected to drift eastward, in-
tercept various propagation paths to the east and cause scintil-

B s et

o g 4 ———— ey e

bt U

e
U




5124 BASU ET AL NIGHTTIME F REGION FQUATORIAL IRREGULARITIES

I 200
§
o & 1m0
e
8
v o 100t
x !
- SR
g F L
S 5 %o
< i
CEEN|
00 ' 0200

MARCH 20 21, 1977

0300 0400 0%00

UNIVERSAL TIME

Fig. 4. FEast-west drift obtained on March 2§, 1977, from spaced receiver (east-west baseline: 366 m) scintullation mea
surements at Ancon by using 249-MH7 transanssions from Les 9 satellite

lations until the structure decays as determined by its lifetime.
The temporal behavior of scintillations at one position s thus
determined by the local generation of wrregularnities as well ay
the drifting irregularities from the west that intercept a given
propagation path. We had commented carlier vn the rela-
tively shorter lifetime of 3-m scale irregularities as compared
with the kilometer scales from a comparison of radar and
scintillation observations. From panel 4 of Figure 3b we note
that 1.54-GHz scintillations on this night ceased after 0400
UT. corresponding to 2330 LT at the longitude of the syb-
ionospheric position (67.5°W) although VHF and UHF scin-
tillations at various longitudes persisted several hours fonger.
It is not possible to compare the features of GGHz scintdlation
event with the radar backscatter event owing to 'he wide lon-
gitude separation of the ionospheric volumes probed by the
two techniques. However, on a statistical basts, we note that
during 1976-1977, the radar at Jicamarca did not record con-
spicuous 3-m irregularity structures i the postmidnight pe-
riod, and the GHz communication link with Marisat over the
east-west plane continued to record scintillations after the
decay of meter irregularities but failed to record conspicuous
(>1 dB) scintillation events during the postmidnight period.
In order 1o obtain information on the dynamics of iono-
spheric irregularities causing scintillations, drift speed mea-
surements were made by performing spaced receiver scintilla-
tion observations. The measurement was made at Ancon by
the use of 249-MHz transmissions from Les 9 and recording
scintillations on two receiving systems placed on an east-west
baseline of 366 m. The apparent irregularity drift in the east-
west direction was determined from a cross-correlation analy-
sis of the spaced receiver data |Briggs and Golley, 1968). The
present drift measurements from scintillation observations
give the weighted average value and, as such, provide infor-
mation on the irregularity drift around the F region maxi-
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Fig 5. Spatial vanation of ion concentration recorded by the 1on
drift meter on AE-F orbit 7048 on March 21, 1977 Satellite altiude
(ALT), magnetic local ume (MLT). dip latitude (DIPLAT), and geo-
graphic tongitude (LONG) are indicated 1n the diugram
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mum. Figurc 4 shows the temporal variation ot dnift observed
on March 21, 1977, The maximum cross-correlation coefhi-
cient for these computations exceeded 0.7 except tor four data
points. The local ume (1. T) at the subtonospheric location was
LT=UT - 5h

The irregulanties are found to dnft in the cast-west direc-
tton just as the background plasma in the equatonal # region
dnfts dunag the nighttime hours [Rishbeth, 1971, Woodman,
1972]. The dnft speed 1s found to increase from 130 m/s to
values as high as 200 m/s 1n the early phase, and duning this
period. considerable fluctuations of dnift speed are observed.

{t should be noted that because of the finite zenith angle of

these observations, the apparent castward drift will be al-
fected by an existing vertical drift of the irregularities. Under
normal conditions the vertical velocity is generally a small
fraction of the horizontal drift and hence for the geometry un-
der consideration. errory will probably not exceed 20%. How-
ever. on occastons, highly structured vertical velocities within
bubbles have been measured by in situ and radar techniques
|Balsley et al., 1972; Woodman and l.aHoz, 1976, McClure et
al., 1977). I appears that the large fluctuations in the apparent
horizontal velocity recorded in the carly phase may be caused
by such structures in vertical velocity.

¢ In Situ Measurementy

We shall now discuss the in situ results obtained by the AL:-
E satellite over three successive orbits: 7048, 7049, and 7050.
The geometry of these orbits relative to the ground stations s
ilustrated in Figure 1, and the nominal satellite altitude was
250 km for all these orbits.

Orbit 7048.  From Figure ) it may be noted that the satel-
lite (orbital inclination 19.75°) was travelling from northwest
to southeast and the track was somewhat to the north of the
dip equator, along which various 1onospheric locations were
probed by radar and scintillation measurements. The 1on con-
centration data acquired by the 10n drift meter are shown in
Figure S at 0.5-s interval. The figure provides an overall view
of the large ion concentration fluctuations that existed be-
tween 21 23 MLT over the longitude nterval of 70°W to
42°W. Even though the satellite was sampling at an altitude
of 250 km, the relative ion concentration fluctuations recorded
by it correspond to those existing at higher altitudes over the
magnetic equator. This is because the plasma within the entire
field tube takes part in the instability process, and the relative
ton concentration fluctuatons, at least at large scale lengths,
can be mapped along the field lines. At the extreme left-hand
edge of the orbit. at approximately 0216 UT (2116 LT), the
sateltite location maps up the field lines to an altitude of 390
km over Jicamarca. Owing to the orbital inclination, the satel-
lite location further to the cast near 67.5°W longitude at 0218
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UT (2148 L'1) maps to an altitude of 300 km over the sub-
ionospheric position of scintllation observations with Marisat
satellite from Huancayo. HIMAR). If we examine the radar
backscatter map shown in Figure 2, we find that the bottom
edge of F region irrcgularities was not above 270 km at 2H6
LT and 220 km at 2148 LT. Thus the relative ion concentra-
tion Auctuatwons detected by the satellite in this orbit do wm-
deed correspond 10 Ructuations at F region heights above the
dip equator. The scintillation observations detected intense F
region 1rregulanties ncar the dip equator over the longitude
swath of 77°W to 67°W in agreement with the large ion con-
centration fh:ctuations present in the 1n situ data.

We shall new make a detailed comparison of the radar
backscatter and 1n situ 10n concentration data obtained in or-
bit 7048 As was mentioned earlicr, the satellite location at
021558 UT maps up along magnetic ficld lines to an altitude
of 390 km above Jicamarca where the radar measurements
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Fig 7 Power specteum of the linearly dcirended data corre-
sponding 1o the sample shown 1n Figure 6 obtained by the FET (dots)
and maximum cntropy (solid line) technigues, respectively
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were performed. Figure 2 shows that at that time. this altitude
corresponds (o the beginning of the second plume structure, in
situ data corresponding to which has been discussed by J. P.
McClure et al. (unpublished manuscript, 1980). Here we
show in Figure 6 the relative change of ion concentration ob-
tained from the RPA in the high resolution (35 m) mode over
a 3-s interval (24 km) beginning at 021617 UT when AE-E
was ecast of Jicamarca. The relative amplitude in the diagram
signifies AN/N. where AN is the change in ion concentration
from the ion concentration (¥) at the beginning of a 3-s inter-
val. The numbers at the top of the diagram denote the square
root of the variance of AN/N expressed as a percentage
(SIGMA®%). the average ion concentration (N/), the angle be-
tween the satellite velocity (¥), and magnetic field vector (8)
as well as the parameters that signify the satellite altitude and
location. In view of the eastward motion of the satellite and
the large angle between the satellite and magnetic field, the
extremely steep gradients of ion concentration portrayed in
Figure 6 correspond to the gradients approximately in the
magnetic east-west direction. The presence of such steep gra-
dients is found to be a characternistic of the irregulanty struc-
tures over the dip equator in the evening hours. The steep
structures that we observe to the east of Jicamarca are prob-
ably associated with the first plume if the prevailing irregular-
ity drift (Figure 4) is taken to account. A similar situation is
discussed by J. P. McClure et al. (unpublished manuscript,
1980) for orbit 7049 when the satellite was much closer to the
radar site.

The RPA data of total ion concentration shown in Figure 6
was lincarly detrended, and the zero mean time series of posi-
tve and negative fluctuations ot AN/N was obtained, N being
dernived from the trend hine. 'The power spectrum for this time
series was then obtained from both the FFT and maximum
entropy method (MEM) of spectral analyses. The FFT pro-
gram was the same as the onc used carlier by Dyson et al.
[1974). The spectra were normalized such that the integral of
the fluctuation power [S(/)df over the observed frequency (/)
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Fig. 8. Same as in Figure 6 recorded afier the satellite emerged from the deep bite-out region.

range equals the variance of the original time series of AN/N.
The frequency (f) scale was converted to irregularity wave-
length (M) by using the relation A = v /[, where v, is the satel-
lite velocity. In view of its geophysical importance, we shall if-
lustrate the power spectra in terms of irregularity wavelength.
Figure 7 shows the power spectrum of AN/N of the RPA data
illustrated in Figure 6. The dots indicate the spectral estimates
obtained by the FFT technique and the solid line represents
the MEM spectrum. It should be kept in mind that the above
spectrum obtained from in situ data is a one-dimensional
power spectrum of AN/N. If we neglect the somewhat flat
portion of the spectral intensity at large irregularity wave-
lengths (>5 km), then the overall spectrum can be described
by a power law variation. In terms of frequency (f), the nor-
mahzed spectral intensity (S) of relative ion concentration
(AN/N) fluctuations illustrated in Figure 7 can be expressed
as § = 0025/ '’ Translating the frequency in terms of irregu-
larity wavelength (A). the spectrum may be represented as S o
A'". The corresponding spectral intensity { P) of ion concentra-
tion deviation (AN) can be obtained by multiplying $ by (N)2.
In general. the one-dimensional spectral intensity as provided
by the in situ measurement has been expressed as P = ('] *,
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Fig. 9. Same as in Figure 7 for the sample shown in Figure 8.
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where C.'" is defined as the one-dimensional strength of tur-
bulence {Rino. 1979] and n is the one-dimensional spectral in-
dex. Fur the data sample shown in Figure 7. N = [.34 x (0™
m *’ and therefore P = 4.56 x 10'* [ '’ in mks units. which
gives (' = 4,56 x 10" mks.

For a wurbulence-type distribution of irregularities, a
knowledge of one-dimensional irregularity power spectrum
obtained from in situ measurements and information on ir-
regularity layer thickness as may be derived from radar back-
scatter observation is sufficient for an estimation of the level of
scintillations in the framework of phase screen theory. The
power spectrum shown in Figure 7 corresponds, however, to
the data sample (Figure 6) that exhibits steep spatial gradi-
ents. The implications of such stecp gradients for irregularity
generation {Chaturvedi and Ossakow, 1977, Costa and Kelley,
1978] and modeling of scintillations [Wernik et al., 1979] for
special propagation conditions will be discussed later. From a
study of the variable inchination of the plume structures in ra-
dar backscatter maps [ Woodman and LaHoz, 1976] and struc-
tured upward drift speeds of the irregularities obtained from
in situ measurements {McClure et al, 1977}, the sharp grad.-
ents, so cvident in density fluctuations at one altitude may
not, in general, be preserved in the integrated electron devia-
tion AN. While we recognize the significance of steep spatial
gradients of density in delineating the generation mechanism
of irregularities and #ts importance in santilation computa-
tions when the propagation path is aligned with the steep den-
sity structures over the enlire irregularty layer thickness, we
consider that, in general, the assumption of a turbulent type of
integrated electron density deviation is appropriate for esti-
mating scintillation effects. For the analytical form of power
spectrum discussed in the previous paragraph, the one-dimen-
sional strength of turbulence is "' = 4.56 % 10" mks and the
spectral index of 1.7 may be used to obtain the three-dimen-
sional strength of turbulence as ¢, = 1.1 x 10" mks [Rino,
1979]. The above value of €, penains to the satellite altitude
of 250 km, and since for a constant irregularity amplitude
(AN/N) the strength of turbulence scales as the square of elec-
tron concentration, its value at 400-km altitude above the dip
equator is expected to be of the order of 10*" mks if we assume
that the local electron concentration above the dip equator is
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Lz i ‘,‘ f;l.l\',f/ W terest between 0350 UT and 0354 UT as indicaied in Figure |
5 ) ) . .

9.3 ) ! AL € 10 and passed only 1.5°S of Jicamarca. The ion concentration

9 R R . . .

SJ; oL MAR 21, 1977 acquired every 0.5 s by the ion drift meter is shown in Figure
@ 10, which indicates thai large scale spatial vanauons of ion
g ot density amounting to nearly two orders of magnitude existed

N - L . o in this region. As was discussed earlier, the ground to sateHite
o o 0333 0358 0%y7 0389 Ut links recorded saturated VHF and UHF scintillation and |-
Fig 10 Plot of the spaval vanation of on concentration ob-

1ained from the ton doft meter at O.5-s interval on AE-E orbit 7049
over the longitude interval of interest

107 m 1 such levels of wirbulence strength (C, = 10°") pre-
vail over an altitude extent of t00 km as depicted by the radar
power map, intensity scinullations of 2 dB are expected on L
band frequencies for overhead propagation paths. We note
that intensity scintdlations on the Marisat propagation path
aligned close to the magnetic cast-west direction did not ex-
ceed 3-dB level at | 54 GHz on this night

As the sateliite moves further eastward past Jicamarca, it
records a deep bate-out of ton concentration below 10 m * at
0217 UT (Frgure S). Untortunately, at such tevels of ion con-
centration (< 10" m ') the signal gets buried in noise picked up
by the clectrometer [Hanson and Heelis, 1975 precluding any
study of the wregulanty power spectrum within the large-scale
depletion. The satellite remained within it until 021736 when
the RPA faded to record 10n concentrations above 10° m .
The east-west dimension of the bite-out region is about 240
km corresponding to the time interval of 36 s. Only 6 s later,
at 021742, the satellite emerges from the bite-out region and
steep spanial density structures are again recorded by the RPA
as illustrated 1in Fag ure 8. The spectrum for the data sample s
showr. in Figure 9. and the spectral intensity of relative won
concentration (S) again conforms to a power law variation
with frequency (7). and the normalized spectrum can be ex-
pressed as 8§ - 0027 " or § o< A" where A is the irregulanty

dB gigahertz scintillation between 67°W and 79°W jongitude
at the tme of the AE-E transit.

The high-resolution RPA data over a 3-s interval following
035114 UT (225124 LT a1 75° W) and its corresponding spec-
trum are discussed in J. P McClure et al. (unpublished manu-
script, 1980). At that time the satellite sampled the ion con-
centration only £.5°S of Jicamarca so that the satellite
location maps along magnetic field lines to an altitude of 252

. km over Jicamarca. It should be noted that the power spec-

trum of the data sample at 035124 UT shows a steeper slope
(A*") at short wavelength end (<500 m) as compared with the
spectrum registered at similar position in the earlier transit.
This results in a reduction of spectral intensity at shont wave-
lengths by approximately an order of magnitude over that ob-
1ained in the earlier orbit 7048 at 021617 identified with a
plume structure ncar the Jicamarca meridian.

After about 3 min. the satelhite sampled the ion concentra-
tion fluctuations farther to the east in the vicinity of the sub-
ionospheric location of Marisat satellite at a local time of
233428 The relative ion concentration fluctuations over a 3-s
interval recorded by the RPA 1s indicated in Figure |1. The
spatial density structurcs become less sharp with a consequent
decrease of spectral intensity at short irregularity wavelengths.
The power spectrum of this data sample is shown in Figure
12, which indicates a power law variation of A?* at irregulanty
wavelenglhs shorter than about 2 km accompanied by a spec-
tral flatiening at longer wavelengths. An order of magnitude
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Fig 11 Same asin § gure 6 but for orbit 7049 recorded near the subionusphenic location of Marisat satellite observed
from Huancavo when -JB scintillation at 1.54 GHz was recorded. Erosion of sharp grad of ion o ion may be

noted
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AP A phase, however, the decay commences at short irregularity
» e +08 wavelengths and proceeds toward the longer wavelengths in
SIN ALY 0979 such a manner that the 3-m irregularitics decay hours before
e it the kilometer wavelengths.
utr 03%426

L9206 SPECTRAL INTENSITY

IRREGULARITY WAVELENGTHI{km)

Fig. 12. Same as in Figure 7 for the sample shown in Figure I1.

reduction in spectral intensity at small irregularity wave-
lengths may be noted during this period as compared with
that obtained 3 min carlier and discussed in the previous para-
graph. At similar local time the radar failed to detect any 3-m
irregularity over Jicamarca, and the 1.54-GHz tink was rec-
ording only 1 dB fluctuations.

Orbit 7050. This orbit was located as far south of Jicamarca
as the first orbit 7048 was to the north. The orbit spanned the
longitude interval of interest near midnight when no scintilla-
tions were observed at 1.54 GHz and only marginal UHF but
quite strong VHF scintillations were recorded. Figure 13
shows the ion concentration plot at 0.5-s interval obtained
from the ion drift meter. A wide bite-out region with some
large scale fluctuations of ion concentration is noted al-
though the fluctuations are observed to be much less deep
than those registered in earlier transits. The radar map does
not provide any evidence of fresh 3-m irregularity generation
near 052630 UT when AE-E crossed the meridian of Jica-
marca.

In Figure 14 we show a data sample recorded by the RPA
during orbit 7050 in the vicinity of the subionospheric loca-
tion of Marisat satellite. The spatial variations of ion concen-
tration appear much smoother than those noted in the earlier
transits indicating a preferential decay of small scale irregulani-
ties. The power spectrum for this data sample (Figure 15) in-
dicates a steep spectral index (~3.5) that is caused by the
decay of irregularities with wavelengths smaller than | km. At
VHF, scintillation effects of such irregularity power spectrum
become equivalent to gaussian irregularities with correlation
lengths of the order of a km and substantial VHF scintilla-
tions (~ 10 dB) are expected to persist. However, owing to the
drastic reduction of spectral intensity between | km to 100 m
in the vicinity of the Frensel dimension for GHz observations,
scintillations at GHz frequencies cannot develop. This is in
agreement with scinti)lation observations discussed in the pa-

per.
4. DISCUSSION

The correlative measurements based on radar backscatter,
saiellite in situ, and radio wave scintillation techniques in-
dicate that in the initial flash phase of generation, the night-
time F region equatorial irregularities covering the wave-
length range of tens of kilometers to a few meters or less are
excited within a time scale of the order of minutes. In the late
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The sharp gradients of electron concentration detected by
the satellite in situ measurements dunng the early phase
of irregularity hifetime have important implications for ir-
regularity generation mechanisms and modeling of scintilla-
twons. Chaturvedr and Ossakow 1977] have shown that the
evolution of the nonlinear collisional Rayleigh-Taylor insta-
bility in the mightume equatorial F region gives rise to such
steepened structures providing a phase coherent irregularty
power spectrum. They pointed out that a turbulent mecha-
nism of rregularity generation will, on the other hand, pro-
vide a randomly phased power spectrum but with identical
spectral index. From an analysis of rocket data of electron
concentration through an equatorial bubble. the existence of
such phase coherent structures has been confirmed (Costa and
Kelley, 1978). From AE-E data we have shown that the pres-
ence of steep spatial gradients is a feature of only the early
generation phase of strong irregularities that give rise to a
power law type of irregularity power spectrum with one-di-
mensional power spectral index of about 1.5.

Wernik et al. [1979] have demonstrated that if the electron
concentration structures with steep gradients are stacked in al-
titude. a vertically propagaiing radio wave is affected quite
differently from that expected for an identical turbulent type
medium. In this study we have considered that in view of the
structured upward drift speed of the irregularities. the total
clectron density deviation integrated through an irregulanty
layer along the propagation direction will, in general, be ran-
dom, and conventional scintillation theory may still apply.
Our 1.54-GHz scintillation observations, performed, of course,
at a low elevation angle of 20°, exhibited random type of am-
plitude fluctuations. In view of the predictions of Wernik et al.
[1979] model computations, it will be of interest to perform
GHz scintillation observations near the dip equator at high
clevation angles preferably tilted to the west and determine if
the signal structure on the ground conforms to the predicted
signature of steep irregularity structures.

In contrast to the above, the irregularities in the late phase
are characterized by a progressive erosicn of steep spatial gra-
dients in the 10 km to 100-m range and a decay of the spectral
intensity of irrcgularities that commences at meter wavelength
and then proceeds toward the kilometer wavelength end. Con-
firming evidence has recently been provided by Tsunoda and
Towle [1979). who report the persistence of total electron con-
tent bite-outs without associated backscatter from |-m irregu-
larities. In regard to VHF scintillations. the AE-E in situ data
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Fig. 13, Same as in Figure 10 for the AE-E orbit 7050 crossing the
longitude interval of interest around local midnight.
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Fig. 14 Same as in Figure 6 but for orbit 7050 in the very late phase when £ band and UHF scintillations had decayed.
Absence of sharp spatial gradients in this late phase may be noted.

obtained during the very late phase are equivalent to a gaussian
irregularity spectrum with correlation lengths (~1 km) of the
order of the Fresnel dimension of VHF scintiliation measure-
ments. This explains the persistence of VHF scintillations in
the absence of any acuvity in the UHF-GHz range.

The phase scintillation mecasurements with the orbiting
Wideband sateliite performed near the magnetic equator have
consistently yielded a power law type of irregularity spectrum
with average one-dimensional power spectral index less than 2
|Rino. 1979 and have not given any evidence of outer scale
with detrend intervals as large as 100 s [Rino et al., 1978). In
view of the fact that the Wideband satellite transits over the
magnetic equator near midnight, these observations pertain to
the late phase. but the derived spectrum conforms to the in
situ spectrum observed 1n the early phase. 1t should, however,
be pownted out that the in situ spectrum corresponds 10 the
electron concentrauon fluctuation at the fixed altitude of AE-
E. whereas the phase sontillations arise from the electron den-
sity deviation integrated over the irregularity layer. The rela-
tonship between the spectra obtained by these two techniques
nceds (o be explored during the different phases of irrcgularity
evolution and decay by the use of continuous phase scintilla-
tion medsurements with geostationary satellites.
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The in situ measurements, of course, do not directly provide
information on the small scale lengths (~m) that are explored
by the backscatter radar technique. However, Woodman and
Basu [1978]. from a comparison of VHF scintillation and
backscatter observations, pointed out that the predicted back-
scatter level at 3 m is expected to be several orders of magni-
tude higher if the power law power spectrum with a three-di-
menstonal spectral index ~4 [Dyson et al., 1974] of longer
wavelength irregularities explored by the in situ technique is
extrapolated to 3 m. Further, the recent radar observations at
Kwajalein [Towle, 1980] indicate that the backscatter power
levels at | m and 36 cm conform to one-dimensional spectral
index of less than unity in contrast to the one-dimensional in-
dex somewhat larger than 1.5 that we observed with AE-E
over the irregularity wavelength range of 0.1-1 km during the
most developed phase. Thus while these observations indicate
the possible existence of a cutoff and a break in slope some-
where in the range of tens of meter wavelength, we have no
knowledge yet of the mechanism for the cutoff and its location
in the wave number regime. It appears that high resolution
rocket measurements may be helpful for a study of this range
of irregularity wavelengths.

From the point of view of 3-m irregularity generation, it is
significant that stecp spatial gradients (scale lengths <100 m)
and high spectral intensity of longer irregularity wavelengths
(0.1 -10 km) provide a signature of the presence of 3-m irregu-
larities. Further from AE-E, it seems that 3-m irregularities
are not only confined to deep bite-out regions with low (10°
m ') electron concentration but are present in regions with
concentration exceeding 10'° m °, where ion viscous damping
becomes important enough to stabilize the collisional drift in-
stability {Huba and Ossakow, 1979]. Thus the evidence ob-
tained from the in situ technique tends to provide further
weight to Huba and Ossakow's [1979] suggestion that ‘it may
be possible for a large amplitude, long wavelength mode 1o
nonlinearly generate the short wavelength turbulence via a
parametric process.’
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The morphology of high-latitude VHF scintillation near 70°W
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The long-term VHE santillation data from ATS 3 obtained at three stations situated in the North
Atlantic sector at auroral and subauroral locations during the period 1965-1974 are used to determine
the morphology of high-latitude scintillattons near the 70°W longitude sector. The variation of the
average level of scintillation at each observatory is studicd as a function of time of day, season.
and magnetic activity in a manner suitable for incorporation into statistical models of scintillation
occurrence. The most prominent feature of the data is a seasonal dependence of scintillations
with a 2:1 variation from northern summer to winter under quiet magnetic conditions. This also
causes a large variation in the latitudinal gradient of scintillations from 2 dB per degree in summer
to | dB per degree in winter for latitudes :>60° invariant. The observed seasonal control of scintiilations
is related to the variation of the tilt angle of the earth’s magnetic dipole and consequent modulation
of the particle precipitation in the North Atlanuc sector of the auroral oval.

INTRODUCTION

With the advent of the Early Bird synchronous
satellite in 1965, stable sources of VHF transmis-
sions became available for propagation expen-
ments. Relatively simple antenna and receiver sys-
tems could be used to study the effects of the
ionospheric medium on radio waves propagating
through it. One such effect is the random fluctuation
in amplitude of the radio signal caused by spatial
irregularities in electron density in the ionosphere.

The study of these random fadings, known as
scintillations, has been a major effort at the Air
Force Geophysics Laboratory (AFGL; previously
known as Air Force Cambridge Rescarch Labora-
tory). This is because the subject has become of
significant practical importance during recent years
for application of satellite technology in communi-
cations and navigation. In particular, with a view
to providing systems planning frequirements (or
aircraft flying the North Atlantic region with satellite
communications systems on board, AFGL has
operited three stations at middle to high latitudes
in this longitude sector for about a decade. These
stations are the Sagamore Hill Radio Observatory,
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Massachusetts: Goose Bay, Labrador; and Nars-
sarssuaq, Greenland; the last operated jointly with
the Danish Meteorological Institute.

Data from these stations had earlier been used
to determine a descriptive model of high-latitude
F layer scintillations [Aarons, 1973]. The main
points addressed there were the extent of the
irregularity region during quiet and disturbed times
as well as variation of irregularity intensity within
the region as a function of latitude. Some of the
same studies used by 4arons [1973] were also used
by Fremouw and Rino [1973} to develop an empiri-
cal global model of scintillations. However, it was
found by Pope [1974] that the model of Fremouw
and Rino ([1973] was somewhat inadequate in
representing the equatorward edge of the nighttime
scintillation boundary. The in situ measurements
of Sagalyn et 2l. [1974] were also found to agree
with Aarons’ {1973] study in the boundary region.

With the steady accretion of more data at AFGL
from the above mentioned stations it became ob-
vious that in addition to the diurnal, latitudinal,
and magnetic disturbance variation a predominant
seasonal variation is also observed, at least, at the
higher-latitude stations of Goose Bay and Narssars-
suaq in the North Atlantic sector {Basu, 1975] along
with a lesser solar flux variation. It is the object
of this paper to present the observed seasonal




60 BASU AND AARONS

behavior and discuss causes for the same. Further-
more, during quiet times, Sagamore Hill observes
the so-called plasmaspheric component of scintilla-
tions which cannot be considered to be merely an
extension of the high-latitude scintillation region
[Martin and Aarons, 1977; Basu. 1978].
Computer-generated plots have been developed
which clearly show the existence of an increased
scintillation region at mid-latitudes. These maps also
allow a more meaningful estimation of the latitudinal
scintillation gradients contained within the high-lati-
tude irregularity zone. This detailed exposition of
the morphological features allowed a natural exten-
sion to an empirical formulation of a limited high-
latitude scintillation model to be presented in a
companion paper [Aarons et al., 1979].

THE DATA BASE

Observations of amplitude scintillations of the
ATS 3 satellite beacon at 137 MHz form the data
base. The records were reduced by the method
outlined by Whitney et al. [1969]. Scintillation
excursions in decibels for 15-min periods were used;
these correspond approximately to the |-percentile
levels in the cumulative amplitude probability dis-
tribution function for the 15-min period. Whitney
{1974] has given the approximate relationship be-
tween peak-to-peak excursion in decibels and the
theory-based index S, which was introduced by
Briggs and Parkin [1963). For example, a 6-dB
contour represents the S, level of 0.3. If one assumes
a power law irregularity spectrum and realistic
model parameters [Basu, 1978], it is possible to
convert the S, index into an equivalent root-mean-
square clectron density deviation by using the weak
scatter theory of Rufenach [1975] and Costa and
Kelley [1976]. To meet the weak amplitude scatter
condition, such a conversion to equivalent electron
density deviation is only possible for scintillation
contours <11dB (i.e., §, < 0.5). Since the contours
to be presented are averages of large amounts of
data, obviously some violation of the weak scatter
limit is involved even at this level. Further, the

Invariant

Smiro_r_nv_ Position Latitude
Narssarssuaq 54.2°N, 51.0°W 63 2°
Goose Bay 48.3°N, 61.7°W 60.3°
Sagamore Hill 39.3°N, 70.6°W 53.5°

TABLE 1. Position of observing stations

70°A 60°A

N 7t 50°A
I /i !
d / 4 !
\ 1 / I 1
’ I g
Inamssanssuaw o )
o |
s 1l
. )I , J
. !
Ao
[
/f/'
A\\ N\ // N
P <7 N
7

90° k 60°
OBSERVING STATIONS (ATS 3 AT 70°Ww)

Fig. 1. The ionospheric (350-km altitude) intersections of the
ray paths from ATS 1 located at 70°W 1o the observing sites
at Sagamore Hill, Goose Bay, and Narssarssuaq.

problem of limiting discussed by Aarons et al.
[1979] almost certainly tends to decrease average
values.

As mentioned earlier, the three observatories are
situated near the 70°W meridian. The propagation
paths to the satellite from these stations are shown
in Figure 1, while their geographic and invariant
latitude coordinates and geometrical parameters are
listed in Table 1.

NARSSARSSUAQ OBSERVATIONS

From Table | we find that the intersection latitude
as viewed from Narssarssuaq was 63.2° invariant
latitude at the 350-km height. Thus the observations
pertain to the equatorward edge of the auroral oval
in the midnight sector [Feldstein and Starkov. 1967}

lonospheric Ptop—lgllloll
Elevation Azimuth ) Z. 6 . An;l_e N
15.° 208° 64° 124°
28.8° 191° 56° 136°
40.9° 178° 46° 154°
59
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Fig 2 Contours of monthly mean scintiliation index in decibels at 137 MHz as a function of local time
for quiet magnetic condutions (Kp = 0-3) obtained at Narssarssuaq with ATS 3 during 19681974,

for moderate magnetic activity (@ ~ 3), while it
is 2° equatorward of the statistical oval during times
of magnetic quiet (Q ~ 1). During disturbed times,
when the oval broadens, the Narssarssuaq intersec-
tion point is within the oval in the evening-midnight
sector.

In Figures 2 and 3 we show contour plots of
average monthly scintillation indices as a function
of local ume obtained over a 6-year period for two
ranges of magnetic activity. The local time variation
show: 4 maximum just prior to corrected geo-
magaetic midnight (CGM) under quiet magnetic
conditions and at CGM under disturbed magnetic
conditions, as is to be expected at an auroral station.
However, the striking and somewhat unexpected
feature during quiet conditions shown in Figure 2
is the ccurrence of the highest scintillation indices
in the March-June period, with low leveis during
winter months. A peak-to-peak excursion of 11 dB
15 equivalent to §, = 0.5, whereas a 5-dB level
represents S, = 0.25. Thus if all other scintitlation
model parameters remain unchanged, a 2:1 varia-
tion is expected in the rms electron density deviation

)W IOy

WIDMONTH MARKED

MEAN SCINTILLATION INODEX (48}
NARSSARSSUAQ (968-197¢ Kp=4-9

Fig. 3. Same as for Figure 2, except for disturbed magnetic
conditions (Kp = 4-9).
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62 BASU AND AARONS

AN from summer to winter. The probable causes
for such a seasonal behavior of scintillations, con-
trary to the observed spread-F behavior in the
auroral zone, were first discussed by Basu (1975}
and will be dealt with further in a later section
of the paper. The highest quiet daytime scintillations
are observed in winter, and since there is a reduction
in the nighttime level, the winter data are almost
free of any diurnal variation.

Magnetic storms intensify the quiet time pattern,
as may be observed from Figure 3. There are higher
levels of daytime scintillation. However, the sea-
sonal pattern is much less dramatic because the
winter data are actually able to show the effects
of the larger scintillation magnitude, whereas the
summer data suffer saturation effects. It should
be noted that the data for Figures 2 and 3 cover
both the high-sunspot-cycle years as well as those
during the declining phase. Further discussion of
the effect of sunspot cycle on scintillation data is
given later.

GOOSE BAY OBSERVATIONS

The Goose Bay subionospheric position of 60°N
invariant latitude moves through the electron den-
sity trough in the nighttime sector for quiet geo-
magnetic conditions in all seasons | Brace and Theis,
1974; Ahmed et al., 1979]. In Figure 4, where we
have shown contours in decibels of monthly average
scintillation indices over a 4-year period for Kp
= 0-3. we find a drastic reduction in scintillation
magnitude in the February to October period as
compared to that for Narssarssuaq. These findings
are consistent with in situ results to be discussed
later. The absence of scintillations in winter is
probably due to the broad nature of the trough
in this season with the consequent emphasis of those
processes that inhibit scintillations within the
trough.

The behavior during magnetically disturbed times
is very different. Figure S shows larger scintillation
magnitudes as well as a shift of the occurrence
pattern from premidnight under quiet magnetic
conditions to postmidnight under disturbed magnet-
ic conditions. Some morning and afternoon scin-
tillations are also observed during the February to
October period. It should be noted that in contrast
to Narssarssuaq data, Goose Bay data were only
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Fig. 4. Contours of monthly mean scintillation index in deci-
bels at 137 MHz as a function of local time for quiet magnetic
conditions (Kp = 0-3) obtained at Goose Bay with ATS 3 during
1971-1974.

obtained during the waning period of the sunspot
cycle.

SAGAMORE HILL OBSERVATIONS

The seasonal pattern for Sagamore Hill (at an
intersection invariant latitude of 53.5°) differs from
those of the higher-latitude stations. During quiet
geomagnetic conditions the intersection point can
be considered to be a mid-latitude station. The
irregularities, in the main, are confined to the hours
of darkness for both low and high magnetic activity.

For low Kp (Figure 6) for a 6-year period of
observations the maximum activity occurs around
midnight and shows an absence of scintillation
during the summer months, with 2-dB level during
the equinoctial and winter months.

For higher magnetic indices (Kp = 4-9, Figure
7) the observable scintillations extend for a longer
nighttime period. Scintillation activity minimizes
between March and May, with maximum activity
still occurring near magnetic midnight. While during
some severe magnetic storms the high-latitude ir-
regularity structure descends to the 53° latitude
{Basu, 1974; Aarons, 1976}, scintillations hardly
show any increase in the mean level during magnetic
activity.
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Fig. 7. Same as for Figure 6. except for disturbed magnetic conditions (Kp - 4 9)

SEASONAL PATTERNS AS DETERMINED BY THE
CONTOUR PLOTS

A relatively limited data set was put together
from the three observatories to determine latitudinal
gradients of scintillation index and the variation
of these gradients as a function of time of day,
season, and magnetic activity. To minimize effects
due to day-to-day variation of scintillations, only
those days were chosen for which uninterrupted
data were available at all three stations. Thus the
data were all obtained during the lower sunspot
period (1971-1974) of cycle 20. A contour program
was used to link up the data obtained from these
stations at the same local time. The resuits are
shown in Figures 8-15 for tour different seasons
and two ranges of magnetic activity. The number
of points on each diagram represents the number
of hours of data from which cach hourly average
has been computed.

The pattern of latitudinal variation is consistent
for the two sets of equinoctial data. Scintillations
maximized just before local midnight in the Kp

63

= 0-3 set as is shown in Figures 8 and (2. For
the spring months, scintillations are somewhat
higher than for the fall, and therefore the 3-dB
contour line, for example, descends o somewhat
lower latitudes during spring than it does during
the fall. Also a 9-dB contour appears in the spring.
The average quiet nighttime scintillation gradient
at latitudes >60° is 1.5 dB per degree in the spring
as compared to .25 dB per degree in the fall.

The more disturbed magnetic conditions bring
on higher values of the scintillation index at both
of the high-latitude stations without appreciable
change in the latitude gradient. The relatively limited
data base in both equinoctial sets peaks somewhat
after midnight but has remarkably similar nighttime
values at all latitudes for both seasons (Figures
9 and 13).

As is to be expected from the behavior at individ-
ual stations, the greatest dilference i lattudimal
gradients of scinullations occurs in the t(wo solstices
during quiet times (Figures 10 and 14). While in
summer a stcep positive gradient with latitude is
exhibited by the two high-latitude stations during
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the might. only a very weak latitude gradient is
vbseived in winter, with virtually no diurnal varia-
uon at all The winter nighttime grac ent at latitudes
greater than 60° invanant 15 | dB per degree of
fatitude, while in summer t1s 2 dB per degree.
This1sa very large difference in the latitude gradient
and has to be included in any realistic model of
high-lautude scintilausons  The other interesting
aspect of Figure 14 is the appearance of a 2-dB
cortour at nudnight ncar S5° invariant, with the
higher-latitude 2-dB contour occurnng at approxi-
mately o1°N. This points to a definite quiet time
mid-latitzde component of scinullations, which we
shall discuss further in the next section. Although
the data base is sparse, we see that the differences
between these two seasons Juring disturbed condi-
ticas are much less severe (Vigures 11 and 15).

In the data contours of the preceding sections
the effects upon sciniillation of diurnal. latitudinal,
maguetic, and seasonal variations can be easily seen.
However, it has been found that an additional
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parameter, solar flux, though not evident in these
contours, to a lesser extent also affects scintilla-
tions.

In general, scintillation index increases with in-
creasing solar flux, all other parameters remaining
constant. A precise variation for a particular day
of the year may be determined by using the model
equations shown by Aarons er al. [1979]. For some
combinations of latitudinal, magnetic, and seasonal
variations this effect of increasing scintillation is
mutigated and even reversed. For example, the
summer data frequently suffer from saturation ef-
fects, so that any increase with solar cycle appears
minimal.

To place the effect of solar flux variation in
perspective, it should be noted that the percentage
increase in scintillation of high over low-solar-flux
years is of the order of half of the increase in
scintillation when comparing disturbed magnetic
conditions (Kp = 4-9) with quiet magnetic cases
(Kp = 0-3).

GOOSE BAY
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B
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D
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tig 9 Same as i Figure X, except for ~S0 values for each hourly data point under disturbed magnetic

conditions (Kp = 4.9)
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Fig. 10. Varnation of mean scasonal scintillation index during the northern solstice in decibels at 137 M/
with local tume and invariant latitude derived from 150 values for each hourly data point at the three
stations under quiet magnetic conditions (Kp  0-3)

DISCUSSION star and orbiung beacon observations in those
sectors had indicated no seasonal variation [ Liszka.
The most consistent long-term result that emerges 1963, E. J. Fremouw. private communication,
from this morphological study is the existence of  1975). Unfortunately, these measurements may
a seasonal pattern of scintillations in the North  have been contaminated by orbital considerations
Atlantic sector of the auroral oval. Thisis inaddition  (in the radio star case) and by saturation of the
to the widely known diurnal and magnetic activity  scintillating signal because of the low frequencies
variation of scintillations. Using nightume data from  used on carlier orbiting beacons. However, it is
Narssarssuaq only, Basu [1975] had established  quite interesting to note that recent VHF wide band
that this seasonal behavior of scintillations during  scintillation observations made at Alaska fall to
quiet times, namely, a winter minimum and summer  show any pronounced seasonal vanation (C. 1.
maximum, is in close agreement with the variation  Rino, private communication, 1978).
of the auroral electrojet index AL [Davis and The greater occurrence of winter daytime scin-
Sugiura, 1966] in the same sector of the auroral o- tillation at Narssarssuag can also be explained on
val. It was proposed by Basu, following the sugges-  the basis of the dipole tilt angle variation. It has
tion of Boller and Stolov (1970, 1974], that the been shown by Boller and Stolov [1970] that the
varying geometry of the plasma sheet with the dipole  maximum probability of occurrence of the Kelvin-
tilt angle may cause a seasonal modulation of  Helmholtz instability is at 0430 UT during the June
particle precipitation and hence of scintillations.  solstice and at 1630 UT during the December
If this hypothesis is correct. ao such marked sea-  solstice. The June local midnight maximum of
sonal variation should be observed in the Alaskan  scintllations at Narssarssiaq was attributed by
and Scandinavian sectors of the oval. Indeed. radio  Basu [1975] to this effect. The winter maximization
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Fig. |1. Same as in Figure 10, except for ~27 values for each hourly data point under disturbed magneuc
conditions (Kp = 4.9)
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three “aiton. unded et llllghl‘llk conditions (K[I

of the instability taaes place e the tume of local
Magnebe noon tor Naessarsauay. However, at mid-
day the Narssarssuayg intersection is well equator-
ward of the davside auroral oval Hence the magni-
tude wi the daviime winter scintillatton maximum
s not as darpe as the summier mghtume maxumum
but ts larger than the day nme scraallaton observed
at any othei time of the vear

In this regard. it s rather umportant to note the
departure of the seasonal scinullation behavior from
the seasonal spread-F behavior observed tn the
autoral region. Fornstance, uader sunspot maxi-
mum conditions, Tao {1965} and Olesen and Jepsen
[ 1966} both reported that maxamum occurrence of
spread-/ behavior wis observed in the wanter. and
Penndort [1962] showed that such behavior was
unitormiby obaerved ar auroral stations in all sectors
ot the northesn heonsphere 10 has recently been
shown [t et al 1T that 241/ tead hom
wnograis s cqual to rms AN/ N obtained trom
In sty measurements. Scintilfations, however, are
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proportional to the tolal deviauon AN [Briggs and
Parkin, 1963} . Thus while scintiliations and spread-
F are, in general. associated, a one-to-one correla-
ton should not be expected.

The winter minimum of scintillations at Goose
Bay is probably due to its situation within the main
¢lectron density trough and the existence of a broad
trough in the winter. The generally much reduced
level of scintillation activity during quiet times in
all other seasons is also probably due to its special
location. In situ measurements of McClure and
Hanson [1973) with Ogo 6 show that both AN/ N
and N are reduced in the trough. This led them
to speculate that the physical processes that create
the trough may be the same as those that inhibit
wrregularities. Clark and Raitt [1975], using in situ
data from Esro 4, also discuss the existence of
a distinct dip in irregularity amplitude between a
narrow subauroral irregulanty region and the
higher-latitude irregularity zone, Thus 1t could be
very probable that a winter minimum of nighttime
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o L4 Same s on Diguse 120 except for 28 values for cach hourly data point under disturbed magnetic
conditions (K 4
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Fig. 14 Vanauon of mean seasonal scintullation index during the southern solstice in decibels at 117 MH2

with local time and nvanant lattude derived from
stations under quiet magnetic condivons (Kp 00 Y
the other 1s poleward of 67 invarisnt

scintillations will be observed at a position with
1. ~ 4.1n any longitude sector. However, it i1s well
known that the trough itself shows a maximum depth
and width in those longitude sectors with the largest
variation in dipole tilt angle (7aylor, 1971]. Thus
the absence of scintillations in winter during quict
times at Goose Bay could be due to a superposition
of both factors.

The Goose Bay data show greatly increased
scintillations during disturbed times. The diurnal
pattern during disturbed times also shows a consis-
tent shift toward postmidnight hours during all
seasons. During periods of sustained magnetic ac-
tivity with the equatorward motion of the
plasmapause. the auroral oval region moves into
the vicinity of the Goose Bay intersection point.
The auroral ovals (Feldstein and Starkov. 1967]
are also greatly skewed toward carly morning hours,
i.e., they descend to much lower invanant latitudes
in postmidnight hours as compared to the premid-
night situation. This asymmetry is particularly no-

N ARIANT CATITL0E

. a Lo s
00 06 02 18 24
MEAN SI(4B) 31 PTS Xp-4-9

133 values tor each hourly duta pont at the thice
Note that one 2-dB contour s at S8 mvanant, whereas

ticeable for Kp - 4. This is 1n keeping with the
observed shift in maximum occurrence of scintilla-
tions. There may also be such a shift in the Nars-
sarssuaq data, but obviously, these observations
are contaminated by saturation effects, and thus
the shift is not quite as dramatic.

In general, of course, the effect of magnetic
activity on scintillations at both stations is short-
lived and highly variable. This fact can be better
appreciated by considering autocorrelation coeffi-
cients of scinullation indices at Narssarssuaq and
at Goose Bay under quiet and disturbed conditions.
While the autocorrelation coefficients for each
observation path (excluding the winter data) drop
to about 0.3 at a lag of 24 hours (i.e., day |) during
quiet times. that value decreases only very slowly
as the lag is extended to days 2. 3V, and 4. Duning,
disturbed times. however, the autocorrelation
coefficients drop sharply to 0.1 at a lag of | day
and remain at that low level for larger lags up to
day 4. This indicates that the scintillation pattern
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Fig. 15. Same as in Figure 14, except for ~31 values for each hourly data pont for disturbed magnetic
conditions (Kp = 4 9
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on the day tollowing the magnete storm s very
different from that on the day of the storm at both
stations, while the pautern on guet days 1s of a
long-lived nature.

Mean scintillation indices are rather low at Saga-
more Hill during both quiet conditions and distur-
bances. In fact. the average behavior during dis-
turbed Gimes contrasts sharply to that observed
dunng some large individual storms. such as those
studied by Basu (1974} . Aurons [1976], and Aarons
et al. [1976]. Tt should be recalled that on only
K% of the davs are magnetic storm effects large
enoupgh 1o bring the plasmapause to the vicinity
of the Sagamore thll intersection point with /. -
2.8 [Carpenter and Park, 1973]  Basu [1974] has
shown that m such cases the santllations show
a large storm ume component which is ordered
w universal time. [tis not surprising therefore that
the average local time behavior in the Kp = 4-9
perind does not show the effects observed individu-
ally duiing some great magnetic storms

The existence of a quiet time component of
mud-lattude scintillations is rather clearly shown
in the multstation winter plot. Even though the
magnitude of this scintillation component s about
Y dB. Busu [197%] has pointed out that this level
represents twice the antensity used to define the
scintiianon boundary [ Aarony et al . 1969]  She
has shown. by analysis of 1n situ data from Ogo
6 and Sagamore Hill saintllation data tor similar
ume perinds, that some of these trregularities are
associated with magnetically conjugate sharp den-
sty gradients and has discussed the various plasma
instablities that may create the small-scale irregu-
lanties However. the cngin of the sharp gradients
themsetves remans unclear From the pownt of view
of communmications the present data base shows
that nud lattade sanullation will probably not be
4 problem an the VHE/UHFE range. and it iy the
auroral repion that s the seat of the potential
problems

In conclusion we wish to state that the morphol-
ogy of hph-lautude scintiflations as observed in
the North Adante sector with o 2 1 vanation of
VHT antillation magmitude from summer to winter
s quite ditterent from that expected on the basis
of even the 1ecently modified global model proposed
by Fremouw et al, [1977] We teel that the emperical
model presented i the companmon paper [Aarons
eral . 1970 will be more realistic for communica-
non~ chanae! modeling purposes, particularly in the

68

North Atlantic sector. Much more information is
necessary on the seasonal as well as the polar cap
behavior before a truly global high-latitude model
can be developed
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By making measurements of the scintllations of the 137-MHz beacon of ATS 3 at three sites
along the 70°W meridian, it was possible to amass a data bank sufficient to ohtain empirica! analyucal
formulas of average scinfillation at subauroral and auroral lantudes. The data base consisting of
15-min -cintitlation indices of 3 7 years of ohservattons from Sagamore Hill. Massachusetts, Goose
Bay. l.abrador. and Narssarssuaq, Greenland, has been piesented and discussed in a companion
paper  Forcing tunctions for the empirical formulations are tme of day. day of the year, magnetic
index, and solar lux The hmitations of the data are vuthned including single frequency of observations
and the problem of hmited excursion of scintillations. Corrections are given for geometrical effects

using varying irrcgularity configurations.

INTRODUCTION

Over the period of 1971 to the present, a series
of atitempts has been made to develop anirregularity
mode! designed to predict the irregularities respon-
sible for sainuillation of transionospheric radio sig-
nals. One model has developed from work by
Fremouw and Butes [1971) and Fremouw and Rino
11973]  Atter a criique of the work by one of
the authors b thas paper |Aarons, 1973], Pope
{1974} modiiied the high-latitude terms to show
the effect of increasing magnetic activity. A further
modification has been recently developed by Fre-
mouw et al |1977] 1n which a magnetic dependence
is withzed for the high lautudes. However, seasonal
variawors are not considered 10 the high-latitude
region. The atm of this paper 1s to introduce into
the literature the seasonal. solar flux, and magnetic
dependence at auroral and subdauroral latitudes as
weli s at a ned-latitude station

A recent atiempt to expand the carlicr Fremouw-
Rino model using spread F data [Singleton, 1979)
15 considered unrealistic. The morphologies of

Thas page: ot subject 1o TS capyiight Publixhed m 1988 by the Amcrioan
Geophysu sl ¢ niem
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spread F and of scintillation are considerably dif-
ferent, as has been pointed out in a companion
paper (Basu and Aarons [1980], hereafter referred
to as paper 1). At middle and equatorial latitudes,
for example, it has been found [Huang, 1970; R.
G. Rastogi, private communication, 1978} that range
spread type of spread F is correlated with scintilla-
tion activity, while frequency spread is not. Yet
the vast portion of spread F data used in morphology
studies does not differentiate between the two types.

At high latitudes. 1onosonde data frequently dis-
appear during magnetic storms when auroral ab-
sorption is high and during polar cap eveats when
D layer absorption takes place. Merely assuming
that spread F takes place during these blackouts
is inadequate, since it has been shown that the
intensity of the irregularities increases considerably
{Aarons, 1976].

In any event any model must be tested with a
body of observations such as we present; the aim
of the paper 15 to develop analytical formulas from
a large data base. The levels obtained from this
empirical base can then be used to realistically test
more ambitious models. The data base used is a
series of measurements of the scintillations of one
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synchronous satellite beacon, ATS 3, transmitting
at 137 MHz. The analytical terms provide mean
scintillation excursions as a function of time of
day. month, solar flux, and magnetic index. With
forccasting of solar flux and magnetic index, a user
in the latitude range covered would have an indica-
tion of mean scintillation to be expected.

It should be noted that these formulations are
models only in a very limited sense. The data were
taken near the 70° west longitude region; therefore
the validity of the formula is in all likelihood
restricted, since the offset of the earth’s dipole
axis vis-a-vis the earth’s axis of rotation would be
expected to produce effects at the same invariant
latitudes that differ from those at 70°W. In paper
1 the data base from which this limited modeling
has been developed is presented and discussed.

There are other problems associated with the
formulas, such as inadequately documented geo-
metrical effects, the relatively limited range of
excursions capable of being recorded by the equip-
ment used, and the question of polar and auroral
effects during intense magnetic storms. These prob-
lems result in limited accuracy of the developed
analytical equations. However, the long-term mea-
surements, the availability of complete diurnal cov-
erage, and the consistency of the data reduction
methods will add to the relatively sparse data base
of scintillation levels available at this time.

CHARACTERIZATION OF FLUCTUATION INDEX

Scintillations in amplitude can be characterized
by a depth of fading index. The most valid scintilla-
tion index, S,, which is proportional to rms electron
density deviation, is defined as the square root of
the variance of received power divided by the mean
value of the received power [Briggs and Parkin,
1963]. An alternative. less rigorous quantitative
measure of scintillation index was adopted by the
Joint Satellite Studies Group (JSSG) to ensure a
standard method of data scaling in long-term sta-
tistical analysis. This index, known as dB, . 1s
used in the current study.

The definition is

P mar P, m~n
Sliss0 = P + P
where P_,, is the power amplitude of the third

peak down from the maximum excursion of the
scintillations and P, is the power amplitude of

TABLE 1. bLyuivalence of varous saintllanon indices
:‘j‘ . dslh.\ll 's'lj\.\lb
0.07% t I
017 3 LY
03 6 59

0.45 10 8)

the third peak up from the minimum excursion,
measured in dB [Whitney et al., 1969].

The equivalence of selected values of these in-
dices as obtained by observational comparisons is
indicated in Table |,

DATA BASE

The data were available from three stations. These
stations with their transionospheric positions in the
subauroral through auroral latitudes aliowed a mod-
est coverage of high-latitude scintillations.

The I5-min samples of scintillation index (dB)
data for the ATS 3 satellite for the stations have
been augmented into a complete data base on tape.
The dates of the data used for each station are
September 17, 1968, to September |, 1974, for
Narssarssvaq: January 1, 1972, to December 31,
1974, for Goose Bay; and December 1, 1969, to

€0°
OBSERVING STATIONS (ATS-8 AT TO°w)

Fig. 1. The ionospheric (350-km altitude) intersections of the
ray paths from ATS 3 located a. 70°W to the observing sites
at Sagamore Hill, Goose Bay, and Narssarssuaq.
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Geographic Coordinates

Invanant

Station Latitude Longitude Lautude
Narssarssuag 54.2° Stee 63.2°
Goose Bay 48.3° 61.7° 60).3°
Sagamore Hill 19.3° 70.6° 53.5°

November 30, 1974, for Sagamore Hill. Goose Bay
data for 1974 cover mainly November and De-
cember.

The three stations are situated near the 70°W
meridian, and their propagation paths to the ATS
3 satellite are shown in Figure |. Their geographical
and invariant latitude coordinates and geometrical
parameters are given in Table 2. The last two
columns in Table 2 provide the ionospheric zenith
angles at an altitude of 350 km and the propagation
angles (1.e.. the angle between the ray path and
the magnetic field). respectively.

FORCING FUNCTIONS

In this initial development, relatively simple
equations were developed to reproduce the mean
scintillation excursions at the three stations. These
forcing parameters included the following.

Planetary magnetic index, Kp. 1t has been
shown that at high latitudes (which in this case
include the Narssarssuag and Goose Bay observa-
tions and dunng severe magnetic storms the Saga-
maore Hill observanons), Kp is a forcing function
|darons and Allen, 1971]).

Solar flux.  Early work by Aarons et al. [1971)
showed that sunspot activity, even when divorced
from magnetic index variations, had an effect on
suintillation behavior. Utilizing the 2695-MHz solar
measurements at Sagamore Hill, we separated ob-
servations into three regimes of solar flux units
(5,) (1) 0 95, (2) 96 120, and (3) 121 and greater.
Scintillattons do not 0 every month increase with
mereasing solar flux but vary as a function of
season.

Seasonal parameter. A very dramatic minamiz-
ing ... diurnal effects 1s shown in the Narssarssuaq
observations over the winter [Basu, 1975]. This has
heen accounted for in the equations.

Diurnal patiern This includes the vanation of
sanullation magnitude as a function of local tme
under magnetically quiet and disturbed conditions
as modulated by the seasonal function.
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TABLE 2 Observational coordinates

lonospheric
tilevation Zenith Propagation
Angle Azimuth Angle Angle
18.0° 208" 64° 124°
28.8° 191° 56° 136°
40.9° 178° 46°

154°

Analyses were conducted separately for each
station. The data were partitioned into 12 months,
7 Kp. 3 solar flux (at 2.7 GHz), and 24 UT ranges.
The Kp, §,, and S/ readings were averaged in each
block. A compact file was thus made available for
high-speed iterative modeling studies. The seven
Kp ranges are 0-1, 1+ 10 2, 2+ to 3, 3+ to 4,
4+ to 5, 5+ to 6, and 6+ and up. The three S,
ranges are 0-95, 96-120, and 121 and up. Tables
of the averaged S/ are provided for each of the
stations.

Out of a maximum possible 6048 blocks (12 x
7 x 3 x 24), the averaged files comprise the
following: Narssarssuaq, 4985 blocks; Goose Bay,
4217 blocks; and Sagamore Hill, 5065 blocks. The
empty blocks generally correspond to the highest
two Kp ranges, i.e.. 5+ and up, and occasionally
the highest §, range.

MODELING AT HIGH LATITUDES

A search was conducted to derive an empirical
analytical formula of S/. Analytical forms were
preferred to ensure smooth transitions as a function
of the driving functions, namely, day of year, Kp,
S,, and universal time. These forms also permitted
use of regression techniques for least squares fitting
to the averaged data file. In the course of the search
for improved fits, special characteristics of the data
were noted which suggested elaborations of the
form. Examples are the delayed peak in the diurnal
S1 variation with higher Kp, the seasonal effect
ondiurnal variation amplitude relative to the average
S/, the seasonal effect on influence of Kp and S,
and the need for higher harmonics to represent the
diurnal varation.

Separate analytical formulas were developed for
each station. These individual models approximate
the actual data base as closely as possible, while
smoothing abrupt variations to fit an analytical form.

The appendix presents the formula for ecach
station in terms of local time. The difference be-
tween universal time and local time at the subiono-
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NARSSARSSUAQ MONTH 3
SOLAR FLUX 0 -9% 96-120
Of—r "y 1 - 17

LR I B Y ey | [ S T T M
Kp O-1 |Kp‘0-:\/\-‘/\_/ Kp O-1
-

12 Ut 24 0O 12 24

Fig. 2. Sample behavior of data (solid curve) and the best-fitting model (dashed curve) in UT at Narssarssuaq
as a function of different Kp and solar flux groupings for the month of March.

GOOSE BAY MONTH 3
SOLAR FLUX 0-9% 96-120 121- yP
- v — r— 7

IolLKnOAI Kp O-4 Kp O-1

S B D
0 12 24 o 12 ur 4 0 12 24

Fig- 3. Sample of bebavior of data (solid curve) and the best-fitling model (dashed cutve) in UT at Goose
Bay as & function of different Kp and solar flux groupings for the month of March.
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Fig. 4. Sample of behavior of data (sohd curve) and the best-fiting model (dashed curve) in UT at Sagamore
Hill as a function of different Kp and solar flux groupings for the month of March.

spheric poiut (350 km) was taken to be 3.4 hours
at Narssarssuaq, 4.1 hours at Goose Bay, and 4.7
hours at Sagamore Hill. In the model equations
the cosine arguments (in radians) that include the
terms for day number (DA) and hour (HL) assume
a multiplicative term of 2w /365 and 27 /24, respec-
tively Though not shown in the equation for reasons
of convenicnce, these must be included in the
calculations.

In Figures 2-4, typical comprehensive compara-
tive plots of the averaged data (solid curve) and
the model (dashed curve) are provided for each
station The model predictions used the actual
averaged data, Kp and S, for each hour, and are
therefore absent when data are absent. These best
fit models may occasionally predict small negative
SI's, these can be made 10 asymptotically approach
zero by replacing a value V which is less than 0.5
by ¢’ °*”. This ensures continuity in the predic-
tiors near 0.5 and introduces minimal distortion,
since only the very low scintillations are adjusted.

EQUATIONS AND DATA

To illustrate the behavior of the data and of the
best fitting equations, Narssarssuaq data are shown
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in Figure 2 for the month of March. One can note,
for example, along the left-hand side for the solar
flux set of D-95, that scintillations increase with
increasing Kp. The dotted curve is the model
equation, and the solid curve connects 1-hour means
of scintillation excursions.

Along any series of boxes with identical Kp, one
can note that the model and the data indicate that
the general trend is for the scintillation excursions
to increase with increasing solar flux.

The behavior of the Goose Bay data and best-fit-
ting formula for March are shown in Figure 3. Within
each particular solar grouping, scintillations in-
crease with increasing Kp. For the same Kp group-
ing, the scintillation excursions increase with in-
creasing solar flux.

Behavior of the Sagamore Hill data and model
for March are shown in Figure 4. For the low solar
flux group (0--95) a very slight increase in scintilla-
tions associated with increasing Kp is seen. The
same is true of the solar flux group 96-120, while
for high solar flux, the increase with Kp becomes
more noticeable. In general, within a particular Kp
grouping, scintillation index increases with increas-
ing solar flux.
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LIMITING

A basic problem in the data and the modeling
is the problem of limiting. Since the attempt in
this model was to find average excursions, the
limited signal to noise ratio of the recordings resulted
in excursions at 137 MHz being at their maxima
1619 dB (depending on equipment). Thus, for
example, if the 15S-min indices for 2200-2215 on
any month all showed excursions of 19 dB, the
average would be 19 dB. As has been shown by
other experiments with greater signal to noise
ranges. the excursions could have been =26 dB.
Equipment limitations would not have indicated the
higher values. Thus a comparison with higher-
frequency data will possibly serve only to indicate
occurrence patterns and the effect of various forcing
functions; frequency dependence reductions done
with this model are of limited validity. In this respect
it is important to note that phase scintillation mea-
surements are generally free from the limiting prob-
lem.

AVERAGED VERSUS MLDIAN DATA

In order to test if the averaged data were skewed
by problems of limiting, the mean values were
compared with medians. Figure 5 illustrates this
for Narssarssuagq; it can be seen that no substantial
differences occur between the averaged and the
median dB values. For low scintillation activity,
averaged values tend to be higher than median
values. Similar comparisons with roughly the same
results were made with both Sagamore Hill and
Goose Bay data.

DISTRIBUTION OF OCCURRENCE
OF SCINTILLATION

From the engineering viewpoint, distribution of
the occurrence of various levels of scintillations
allows systems designers to evaluate degradation
of proposed or current systems. Distribution anal-
yses were conducted of the high-latitude data files.
These data are shown partitioned into two signifi-
cant scintillation blocks. =6 dB and =9 dB. The
data are then divided into night (17-05 LT) and
day (05-17 LT). These distributions are given in
Table 3.

FREQUENCY DEPENDENCE

In order tofully utilize the formulas, it is desirable
to be able to extrapolate the dB values resulting

TABLE 3 Percentage of occurrence of scintillation (peak to

peak)
Scinullation Night Day
Block (1705 L) (U517 LT)
Narssarssuaq, Greenland, ATS 3, 137 MH:
K =03+ =6 dB 43 145
>9dB 294 6.2
K=49 -6 dB 8.8 472
>9 dB 61.8 310

Goose Bay. labrador, ATS 3, 137 MH:

K =03+ >6 dB 83 0.5
29 dB 39 02
K=49 >6 dB 30.2 83
=9dB 15.0 37

Sagamore Hill, Massachusetts, ATS 3, 137 MH:

K= 0-34 >6 dB 54 0.3
>9dB 25 0.1
K =49 =6 dB 6.9 07

>% dB 36 0.3

from the 137-MHz data base to values for higher
frequencies. This entails the use of the spectral
index v, where

w = [log (S, /S0 /o tf,/ /)

The scintillation index is in terms of S, [ Whitney.
1974). This expression is valid as long as the
scintillation index is a constant power law function.
Under conditions of weak scattering, a f ' * varia-
tion with §, indices is noted and is consistent with
a three-dimensional irregularity power spectral
index of 4 [Rufenach, 1974; Whitney and Basu,
1977).

Recent observations [ Fremouw et al., 1978] em-
ploying 10 frequencies between 138 MHz and 2.9
GHz, transmitted from the same satellite DNA 002,
show a consistent / ' * behavior of S, for S, less
than about 0.6. These data were taken at both
equatorial latitudes (Ancon) and high latitudes
(Poker Flat, Alaska). In both cases the frequency
dependence becomes less steep for stronger scin-
tillation, saturating for values of §, approaching
unity, as expected for ‘fully developed’ intensity
scintillation obeying a Rayleigh distribution.

GEOMETRICAL CONSIDERATIONS

It has been noted that scintillations maximize both
at low angles of elevation and when the signal
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propagation path is parallel to the lines of force
of the earth’s field. In order to fully examine the
problem of geometry, a model would need to be
developed in which the irregularity shape and
clongation varied as a function of latitude, time,
and geomagnetic conditions.

Martin and Aarons [1977] interpreted synchro-
nous satellite data in the Narssarssuaq-Goose Bay
area by using a Gaussian irregularity spectrum for
the irregularities. They found the irregularities to
be clongated along the magnetic field with a 5:2:1
configuration, where the first term is a, elongation
of the irregulanity along the lines of force of the
magnetic field, the second term is vy, orthogonal
to the eclongation along the lines of force. being
the magnetic east-west dimension, and the last term
is orthogonal to the other two planes, i.e., magnetic
north-south.

Rino et al. [1978), by observing the Wideband
satellite (~1000-km altitude) in Poker Flat, Alaska,
find evidence for L shell aligned. sheetlike irregu-
larities with a lower bound to the configuration
of 10:10:1.

Mikkelsen et al. [1978] have attempted to deter-
mine the theoretical scintillation index S, when the
irregularities are described by a power law power
spectrum. This utilizes the coordinates of the radio
ray in the local coordinate system with set values
for the elongation of the irregularities along and
perpendicular to the magnetic field lines. Mikkelsen
et al. assumed that the approximate dividing line
between weak and strong scintillation is ~9 dB,
with S/ < 9 dB denoting the weak case. For this
case the geometric variation of S, is given by

S, x [z/cosif(¥, )] "’
where

i ionospheric zenith angle, equal to the angle between
the radio ray and the irregularity layer;

¢ propagation angle, equal to the angle between the
radio ray and the magnetic field direction;

¢ azimuth of the radio ray in local coordinate system
of z axis along the magnetic field direction and v axis
in the magnetic east-west direction;

f(¥, d)=ay(y’ cos’ & + sin’ & + cos’ W(cos’ & +

yisin’ &) + a’sin’ W)/ [y cos’ & + o’ sin’ (v’ cos’ &
+sin’ $)) 2

z reduced slant range to irregularity layer, equal to
2,(z, — 2,)/z,, where z, is the slant range to
irregularity layer and z, is the slant range to satellite;

a elongation of the irregularities along the magnetic
field lines;

. s Ao ORISR AT DA I 1 orohonalB P r.” A TS 1Y St

v clongation of the irregularities in the magnetic east-
west direction.

Using this irregularity formulation, Mikkelsen et
al. {1978} found the Narssarssuaq observation of
the orbiting satellite, Nimbus 4, at an altitude of
1100 km a best fit of irregulanity configuration with
25:1.3:1.

In order to present a simplified solution to this
problem, correction factors tor the three high-lati-
tude stations under the assumption of the elliptical
column model of individual irregulanities of 5 km
along the lines of force of the earth’s magnetic
field, 2 km orthogonal to the lines of force (E-W),
and of | km in the north-south mendian as deter-
mined by Martin and Aarons [1977) have been
calculated.

For purposes of comparison, we have illustrated
geometrical corrections to the data from Narssars-
suaq for a 1100-km orbiting satellite assuming a
Gaussian power spectrum (Figure 6) and a power
law model (Figure 7). Correction factors have, in
addition, been calculated for the 350-km intersection
of the ATS 3 satellite using the power law model.
The S, values derived from the formulas presented
in the appendix would be reduced by 1.5 for
Narssarssuaq, 1.1 for Goose Bay. and 1.2 for
Sagamore Hill. We have not incorporated these
correction factors in the constants, since the irregu-
larity configuration is not agreed upon. It 1s possible
that it changes as a function of latitude, solar and
geomagnetic activity, and perhaps even local time.
Factors given above are probably minimum reduc-
tions relative to overhead values.

COMPARISON OF MODEL FORMULAS WITH
MILLSTONL HILL DATA

In order (o validate the Narssarssuag and Goose
Bay equations using an independent set of observa-
tions at a higher frequency, a comparison was made
with Millstone Hill observations of Navy Navigation
Series satellites {Wand and Evans. 1975]). This
Millstone Hill data consisted of §, scintillation
indices. taken in the period 1971 1974 (a period
of medium-high solar flux), at 400 MHz, normalized
to zenith using an assumed three-dimensional power
law spectrum. The dala base contained >2000 tracks
(~600 hours of observations). Contour plots of this
data base were generated in local time over a range
of 42-70°N A after partitioning the data into two
seasons (summer and winter, defined between the
equinoxes) and several different Kp levels. A
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Fig 6. Plotof coirection faciors for viewing a 1100-km orbiting satellite from Narssarssuaq under assumptions
of elliptical column irregularity model and a Gaussian irregularity power spectrum.
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Fig. 7. Plot of correction factors for viewing a 1100-km orbiting satellite from Narssarssuaq under assumptions
of clliptical column irregularity model and a power law irregularity power spectrum.
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Fig. 8 Relauonship between S, at 400 MH7 and scntillation (d8) at 137 MUz,

comparison of the data was restricted to the 60 64°
A range.

For comparison purposes, model dB values were
generated for §, = 120 (to correspond to the me-
dium-high solar flux level of the Wand
and Evans data), for each hour (local time). for
each month. then averaged within the two seasons,
and normalized and converted to S, (40) MHz)
by means of Figure 8. These were then corrected
to overhead zenith using correction factors deter-
mined by the method of Mikkelsen et al. [1978)
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SUMMER

mentioned in the previous section with irregularity
form of « = S (eluongation along magnetic field
lines) and vy 2 (elongation of irregulanty n
magnetic cast-west direcuon, These factars were
approximately 1.5 for Narssarssuaq and 1.1 for
Goose Bay, lower than the factors (which corrected
only for elevation angle) of 2.5and | .8, respec' '+ -ly.
if the corrections developed by Wand and Evans
were applied to the Narssarssuaq and Goose Bay
intersections. The resulting comparison of the two
data sets is shown in Figures 9 and 10 for the

12 LY

i
24 02 04 06 o8 to

Kp*4 6

Fig. 9. Comparison of Wand and Evans 400-MHz summer data for the disturbed magnetic case (solid
curves) with Narssarssuaq and Goose Bay model data (dashed curves) corrected for the ATS 3 intersection

point and converted to 400 MHz
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“4q %

Ly W0 Companson of Wand and Evans 400-MUis winter data for the disturbed magnetc case (sohd
curves) with Narssarssuay and Goose Bay model data (dashed corves) corrected tor the ATS 3 intersection

poirt 4nd converted to 400 Mz

disturbed magnetic case, K = 4.5. Under quiet
magnetic conditions, K - 2, the trends are very
similar, with lower §, values for both sets of data.

For the summer data at both K = 2 and K =
4.5 the formulas predict somewhat higher local
midnmight values than the Wand and Evans data
shcw. The comparison of winter observations shows
agrecment within less than a factor of 2 in the
regien below 64°, the latitude of the Narssarssuaq
intersection  The contours of Wand and Evans
depict a winter maximum at ~14-16 LT at their
lowest obwervational latitudes, i.e., in the auroral
zone between 65 and 69°. Confining our comparison
to fatitudes below these, their winter (September
February) can be compared to the data base collect-
ed at Narssarssuaq by refering to Figure 3 of paper
{ the Narssarssuaq contours In that figure for 64°,
the broad maximum of activity is between 16 and
03 1.7 1n September and 1in FFebruary and between
mudaght and 02 LT in December and January.

I'o further pursue the companson with Wand and
Evan.. an independent set of measurements of
scanbilaiions ot the “4-MHz beacon of the 1000-km
orbiting satellite Transit {V-A (the forerunner of
NNSS) were used. This data hase consists of over
21,000 1-pun santllation vatues observed from
Sagamore Hill in the penod trom July 1v6i 1o Aprii
196, and has been divided into summer and winter
observations. During these years, the average solar
flux was lower than in the years of the Wand and
t'vans data. While the Transit measurements suf-
fered trom strong scattering at high latitudes, the
form of the dwrnal pattern can be easily obtained
trom the extensive data base.
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The summer diurnal pattern in this Transit IV-A
data is such that for low Kp, the lowest latitude
of the S/ = 60% contour was reached at ~21-24
LT, while under disturbed magnetic conditions, this
occurs slightly later, ~21-03 LT, in agreement with
the model contours. The winter diurnal pattern for
both quiet and disturbed magnetic conditions shows
the lowest latitudinal extent of the S7 = 60% contour
to occur ~21-24 LT.

Although the data were taken at low elevation
angles to an invariant latitude of ~69° the low
frequency observed (54 MHz) and the signal re-
cording techniques produced limiting so that the
scintillation indices obtained from the Transit set
could not be used quantitatively. It would appear
as iIf the analytical formulas presented are valid
to the latitude of 64° as shown by both the ATS
3 and the Transit IV-A data. The Wand and Evans
observations indicate a different maximum for win-
ter for latitudes above 64°, in no way invalidatng
the formulas presented.

DISCUSSION

The concept of this organization of a large data
base over a hmited geographic area was to provide
users of scintiflation data a means of predicting
what changes in various forcing functions would
do to the dwrnal pattern of scintillation activity.
Other models have been developed which attempt
a wider sweep of prediction at high latitudes [Fre-
mouw et al., 1977].

However, it is the opinion of the authors of this
paper that there are too many unknowns at this
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time to do more than codify and simplify the data.
Questions exist as to the configuration of the
irregularities and to the variations of the three-
dimensional structure, as to the thickness of the
layer of irregularities, and as to irregularities being
in the E and/or the F layer at various stages of
auroral activity. The entire question of the polar
ionospheric irregularities and the effect of magnetic
activity on the level of scintillations in the polar
cap is still open, with only a small amount of data
available.

The data in this paper had limitations. While the
data covered the entire day (a problem for high-
inclination low-altitude satellite studies except per-
haps at polar latitudes). the single-frequency data
and the equipment utilized hmited the precise de-
scriptions of large excursions of signal.

The user of the formulas generated should take
the following steps. The dB values calculated must
first be converted into S, values, since geometrical
corrections use S, values. The §, obtained from
the formula through the conversion may be correct-
ed by the ratio of the ATS 3 correction to the
geometrical problem under consideration. It should
be noted that at certain azimuths at high elevation
angles (toward the north, for example) the values
are lower than those overhead. At low angles of
elevation, even to the north, angle of elevation
effects dominate the equation, dwarfing the propa-
gation angle corrections. The discussions relative
to geophysical parameters have been given in paper
1.

Frequency dependence corrections are also done
with S, values. They suffer from the frequency
dependence being a function of strong and weak
scatter. With weak scatter values, an n of 1.5 can
be used, but with strong scatter the frequency
dependence changes. If two frequencies are both
strongly scattered, the approximate value of the
frequency dependence, v, is 2ero, i.€., both signals
are Rayleigh scatiered.

APPENDIX

Analytical formulas are given below for three
stations. DA is day number, As = §,/100, HL
is local time (hours) at subionospheric point (350
km), and S, is solar flux a1 2695 MHz in solar
flux units.
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Narssarssuaq

SIAB) = 6.4 +92(1 -02FD)[t + 0.23() - 03FD)
- cos (HL + 2.0 + 0.34Kp) + 0.03 cos (2(HL - 0.6))

F 0.02 cos (3(HI. + 3.0))] 210 14K pers0 2D b tuttst Tormil

FD = cos (DA + 156) + 0.56 cos (2(DA - 22.4))

Goose Bay

SIdB) = ~ 1.3+ 1.1} = OTTFD)[1 + 0.5(1 - O.2FD)
-cos(HL + 2.1 — 0.6Kp) + 0.06 cos (2(H1. - 2.1))
t 0.02 cos (3(HL + 5.2))] 210 xritem1smaxantai2ron

FD = cos (P4 + 0.5) + 0.2 cos (2(DA - 99))

Sagamore Hill

SIAB) - 033 + 0.02(1 + 0.2FD){) + 1.2(1 - Q.OLFD)
-cos{HL - 0.4 - 0.15Kp) + 0.3 cos (2(HL — 0.8))
201 cos (J(HL + 6.1))] 210 Wrmiro s atn naron

FD = cos (DA + 56) + 0.7 cos (2(DA — 143))
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Abstract. Initial results of ground and air-borne measurements ot 250
MHz scintillations associated with ionospheric heating in both the over-
dense (heater frequency below the critical frequency) and underdense
cases (heater frequency abuove the cnitical frequency ) by the hugh-power,
high-frequency transmitter at Platteville, Colorado are discussed. The
ground stations and the geostationary satellites used in the expetiment
were 30 chosen that 1t was possible to explore the artificial srregulan-
ties both within and outside the central heated volume. One ground
station was able to view LES-8 i a field-aligned direction while, at a
second ground station. spaced receiver suintillation measurements were
available using FLEETSATCOM. The instrumented aircraft recorded
both phase and amplitude scintillations and flew missions in the north-
south and east-west directions to define the region of artificial irregu-
lanties. The preliminary results indicate a prompt excitation of antificial
irregularities in the overdense case causing 2-10 dB scintillation at 244-
249 MHz and a lifetime of the order of ten minutes. In the underdense
case, on the other hand, the respunse was delayed and effects were ob-
served to be on the order of 1-3 dB at 250 MHz, although 4 unique
event of 10 dB scintillation was recorded along the field-aligned propa-
gation path. The presence of such scintillations in the underdense case
and their implications for the proposed Solar Power Satellite (SPS) are
indicated in the paper.

Introduction

1t has been established that high-power HF transmitters operating
at a frequency below the maximum ionospheric plasma frequency can
produce significant enhancement of the electron gas temperature near
the altitude of HF reflection (Gordon et al.. 1971 Utlaut and Cohen,
1971; for recent comprehensive reviews see Carlson and Duncan, 1977
and Fejer, 1979). It was also pointed out that if the power density of
the incident HF radio waves is sufficiently intense (~ 10-100 pwm2),
the parametric instabilities may occur in the ionospheric plasma (Perkins
et al,, 1974; DuBois and Goldman, 1972). The prediction was experi-
mentally confirmed at Arecibo (Carlson et a) , 1972) and it was demon-
strated that short wavelength (1cm-10m) electron waves are driven
unstable by the decay instability

The long wavelength (~1 kin) field-aligned irregularities giving rise
to artificial spread F (Utlaut et al., 1970; Utlaut and Violette, 1972,
Wright, 1973) could not. however, be explained in terms of the above
instability process. The causative mechanism for the generation of long
wavelength irregularities remained obscure for quite 2 while and is now
attributed to either a thermal seif-focusing mechanism (Perking and
Valeo, 1974; Thome and Perkins, 1974) or the alternative mechanisms
of stimulated Brillouin scattering (Cragin and Fejer, 1974) and stimu-

This paper is not subject to U.S. copyright. Pub-
jished in 1980 by the American Geophysical tnion.
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lated diffusion scattering (Goldman, 1974). Nevertheless, this range of
irregularity scale sizes having sufficient power spectral intensity can
cause scintillation of radio signals received from radio stars and artifi-
ctal satellites. It was demonstrated that VHF/UHF signals transmitted
through the artificially heated 1onospheric F region do indeed exhibit
scintillations (Rufenach, 1973, Pope and Fritz, 1974; Bowhill. 1974)
Radio star scintillation measurements at 26 MHz during ionosphernc
modrfication indicated the presence of either rapid and random or deep
long-period (~5 mins) fluctuations. In order to avoid some of the diffi-
culties of radio star observations, Bowhill (1974) performed scintillaton
measurements with both geostationary and orbiting satellites and estab-
lished the field-aligned natute of the irregularities causing VHF and UHF
scintilations, their tzansverse scale and drift speed. One feature common
to all the above studies was the fact that the heater frequency was below
the plasma frequency of the F region.

In this paper, we describe some preliminary results from a recent
scintillation experiment performed at two ground stations in Wyoming
and by an instrumented aircraft in conjunction with ionospheric heat-
ing by the high-power, high-frequency transmitter at Platteville, Colo-
rado. The notable feature of the present experiment. in contrast to the
previous ones, was the operation of the heating transmitter at a fre-
quency not only below the critical frequency of the ionosphere (over-
dense heating) but above the critical frequency (underdense heating) as
well. Although, fadings of signals have been reported earlier during
underdense heating by obliquely reflected radic waves (Novozhilov and
Savel'yev, 1978), the results presented in this paper indicate, for the first
time, that underdense heating imay cause intensity uctuations of signals
received from satellites. Any transionospheric propagation effects asso-
cisted with underdense heating has possible implications for the pro-
posed Solar Power Satellite (SPS) system (Basu and Basu, 1980).

Experimental Details

During the penod of observations between March 7-14, 1980, the
Platteville heating transmitter was put into CW, as well as, pulsed opera-
tion at frequencies varying hetween 5.2 and 9.9 MHz with a maximum
transmitter power of 1.5 MW. Ordinary mode heating was used through-
out the period of the experiment. A maximum power density of 60
pwm ™2 at 300 km was attained at a frequency of 9.9 MHz. A full
description of the transmitter and antenna systems may be obtained in
Utlaut et al., (1970) and Carroll et al.. (1974).

Figure | shows the extent of the central heated region at 300 km
altitude above Platteville as limited by the half-power beam circle at
10 MHz (beam width: 11.9° at 10 MHz). The intersections of the alti-
tude of 300 km with the ray paths from the Douglas station (42.57°N,
105.37°W) to ATS-3 and FLEETSATCOM | (abbreviated as FLTSAT)
satellites as well as from the Carpentes station (40.87°N, 104.18°W) to
LES-8 are shown.

7o




————— = — e v

Lih By ot ) »

R n N MG BIONS
PHOM GRXIND S TATCNS N WYOMN

",
{ MARCH 1 e
ar-
)
. i .
r "
NP .
. ' L, anstaren,
s . R o wro
s s v ‘
oy v RN
'
ars 'E
N |
. !
. .
'
aat
- :
Fl i
“ ' i vt .
“ e na
. LN e e

Faypa. ot

Ny ol absa gt e vstioos geostatonary satelhites
feon C openter and Doty Wyarnme o cnpanction with onosphern
henoc c Platevdle Cogorede o0 Much, 1950

boview ot the timte oritd inchnanons of the satellites. the sute-
st patnt vaned with Lime and. therctore, the universal time s
mathed  dengside the foos of the subaonnspher positions it may be
noted that e subtonosphenc postion of ATS 3 satellite ity closest
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whereas the tocos of FEISAT was withm 30 ki of the southern fiinge
of the feeated semon st all amversal thines: Since the Foreglon inepulan-
tres are zencrally cstiied to he Biedd-abgnedand (he dechimation ol the
mapnenc tiehd v oy 137 the nottheonth onentabion of the subiono-
sphicsie taac impiens that the vy path o that satellsie wsoable 1o mter-
copt the et penerated within the beam airele at asititudes
hiagher thoa 300 b i view ot the farpe orbital inchaation of 1188,
s sebeposphenc posen vanes considerably over o dinral cycle but
o e w o the heated region between 00002 U and renvams wathin
Wb e heared volume hetween D104 UT The advantage of the
Lage oroital o tiation bes ana hephielevation angle ol measurement tor
sev sl losis croand 00 0T eqaadhing the magnetic dipangle and therchy
otfznny the unnsaal opponumty of Beld aigned scintillition messure-
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tor santiliation measurements  Data were recorded on tmagnetic tapes
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well s AES U and sjpaeed recetver L ESATCOM data obtaned at
Douglas duong overdome 1onosphiens heating on March 12, 19580 The
st woec i CW o opendion with pawer of 1.5 MW 4t 99 My be
Wt 00 s UL Phe cnlical trequency was T 9 MH a1 0050 U

iTe wiscratt fiew thice russions on March 11212, March 12-12 and
March L1, 1980, und perforined phase and amplitude scintifiation
sovererts with TH TSAT and LES-8 satellites. The aircraft flew N-S
and E-W o legs cver both ground stations at Douglas and Carpenter and
wis able o define the E-W and N-S eatent of irrcgulariies generated by
the heater and determine the htetime of these irregulanities.
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Resutts

The top pancl of Figure 2 shows santillation data from Carpenter
and the next four data paneis are trom Douglas showing the amplitude
recording of ATS- 3 and FLTSAT signal fluctuations on the cast. west
and south 1eceiving systemis tespectively during an overdense heating
cycle o Murch 12, 1980, The heating (ransnutter was turned on at
0030 UT and turned oft ut 0045 L'l and operated at a frequency of 9.9
MH delivenng a power of | S MW, The critical trequency of the iono-
sphere was Tound to he HEY MHz av 0030 UT and thus this heating
cydhe cotrespoinded 1o the averdense case.

the Carpenter data tthistratsd on the top panel cover the entire
heating penod whereas the Douglas duta represented in the bottom
panels cover only the sotigh hegtig period due to the higher chart
spesd s Hewever, the onaet ot sewtillations at both sites was recorded
about 10 seconds alter the heating transmitter was turned on and per-
SISt for ab deast 9 pnates atter it was turned of (. The 249 M2 sen-
tillatiois @0 tiie Carpenter site cortespond to S dB peak to-peak while at
the Douglas wte 2 dB santitbanons at 244 Mz were recorded. No ac-
vty owcareed on the ATS 3 channe]l The higher level of santillation
activity al Carpentes iy attnbuted to the near alignment of the propaga-
tron patle with the magnen tield through the heated volume. Spaced
reeesves neasareraents at Douglas sield an eastward aregulamy drift
spred ot ¢ " dunng this penad - The absence of scintillation
a ety one tee ATS-3 (hanned sugeests that artificial weregularities did
Aol exccnal 4 kan o the west ot the central heated volume illustrated
w B Lo shoudd adso he nentioned that the ATS-3 link heang at
137 My cubanced sanillation effects would be expected as compared
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occarntg somtillations caused by iomzation gradients (Basu and Das
Cupta, b960: Elkn<and Slack . 1909) 1t shoald be meanhoned, however
that no vach Gidings were ohserved in the shsence of heating dunng one
week's contmaous observations a1 Carpenter Whether the underdense
heating «an create tield algned density depletious (Perhims and Roble
19783 and the resulting sharp sonization gradients an give fse 1o an
interfererie pattern (Llkns and Slack. (9693 becamse of the speuvial
viewing geometiy remains 1o he venfied hy turther observations

Figure 4 shows scntitlation data obtained dunng a marginally under
dense heating cyde between 02300245 UT on March 131980, the
heater frequency beny 99 MHz and the critical [requeriy varying he
tween 9 S MHy and 9 35 MH7 A peak-to peak fluctu.tion of 2.8 dB at
Douglas and X dB a1 Carpenter was encountered dunug this cycle. Con-
siderable vanation of tading pertod ranging between 1 sec to 20 sec may
be noted from the Carpenter data. The Douglas data indicate an east-
ward dnft speed of about 12 msec ! dunng this heating cycle

Figure 5 shows scintillation resuits obtamned dunng another case ot
underdense heating perfurmed between 03000315 UT on March 13,

Figure 4. Same asan bFigure 2 excepl tor a marginally underdense case of
heating on March 13, 1980 1he transmitter was in CW operdtion with
power of 1 S MW at © 9 MH, between 0240-0245 U1 T critweal fre-

quencres at 0232 UE and 0230 U1 ware 9 S and 9 38 MH, respec tvely 1980 The heater frequency was 9.9 M and the power output was 1§
MW The atical frequency of the wnosphere ranged trom 9 2 Mtz s

to the FUTSAT hink, of irregulanties with identical strength had been 0252 to KIS MUz at 636 UT Duong tis anderdense heating cycle.
present at both lacations the Douglas site recorded !5 B scintitlanons and the Carpenter site
At the end of the ahuve heating period the transmitter remained looking along the magnetic field lines abserved saptidlations of 3 48

off for more than two hours and was turned on at 0300 UT for a 15- magnitude. Both sites recorded an average fading period of about 40
minute cycle with an input pawer of 1.5 MV [t was operated at 9.9 sec. considerably slower ss compared to the overdense vases. Consider-
MHz while the critical frequency was only 7.9 MHz. so that the heating ing the propagation geometry of Carpenter observations. the vbserved
was underdense Figure 3 shows that the Carpenter stution observing scintillations correspond to an srregulanity amplitude AN/N ~ 0.3% for
LES-8 in a magnetic-field-aligned direction recorded quasi-perindic an assumed layer thickness of 50 km and a 3-dimensional irregulany
scintillations with 10 dB peak-to-peak fading. The station at Douglas power spectrum of 4 with an outer scale of 2 km (Basu et al ., 1976). A
did not ohserve any corresponding effect during this usnderdense heating recent theory of sell focusing instahility in an urderdense ionosphere
perivd on the FI TSAT propagation path. only 40 km to the west and (Perkiny and Goldman, 1980) predicts the generation of sheet-like ir
south of the subionospheric pusition of LES-K. The quasi-pertodic fad- regulanities aligned with the magnetic meridian with rregularity ampli-
mgs shown in Figure 3 are reminiscent of a special type of naturally tudes ~0.5% and E-W striation size ~2 km under the conditions of the
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Figure 5. Same as in Figure 2 except for underdense heating on March |V, 1980 The ATS-3 data showed no effect and 1s not shown. The transmitter was
In CW siperation with power of 1.5 MW at 9.9 MH/ between 03030315 UT. The cnitical frequencies at 0252 UT, 0310 UT and 0316 U7 being 9.2 8.5
and 8 3% MH7 respectively

85




0848 QB8O ul

et

o
=
o
al

RETITIY]

W

aray aataart AR K 10
i1 )
osaq ot o T T vt
W e SRy e
3 .k‘_. WY L.
L Erd ¢

";"".‘@’_WM“-N

thgure 6 AFAL aircraft observations of amplitude scintitlations using
LFS-8 on March 14, 1980 during overdense (top panel) and underdense
{hottaom panel) cases of heating. For overdense case, the transmutier was
i CW operatior with power of | § MW a 5 2 MHz between 0530-0545
UT. The critical frequency was $.5 MHz at 0523 UT and 5 3 MHz at
3%49 UT For underdense case, the transmutter was in CW operation with
power of | S MW at § 2 MHz between 0030-0645 UT. The critical fre-
quency was 4 6 MHz at 0640 UT

present experiment Thus (here is good agreement between the theoreti-
cal prediction and observations in .egard io the irregulasity amplitude.

The airciaft observations detected considerable scintiliation effects
on many heating cycles, as it could position itself to have the ray paths
intersect the heated volume By flying E-W and N-S legs. the aircraft
measurements indicate the extent of artificial irregulanties to be about
70 km F-W and 100 km N S. In the top panel of Figure 6 we show a
case of santillation with peak-to-peak fluctuation of 7 dB and fading
peniods of sbout 10 secs dunng an overdense heating cycle on March
14, 1980 at 0547 UT (heater frequency = S 2 MHz and criucal fre-
quency varving betweer 5.5 and 5.3 MHz) During this period, the air-
craft made an E-W cut between 104°SO'W and 103°56'W and 42°N
fantude and then retraced its path encountering the decp fades with
periods ~ S sec at 0547 UT at 42°01'N and 104°37'W. Similar fades of
2 dB magnitude were observed at both Carpenter and Douglas. In the
bottom panel of Figure 6. we show the aircraft detecting 1-2 dB fades
with periods ~10 sec during an underdense heating cycle between 0630-
0645 UT (heater frequency - 5.2 MHz and critical frequency = 4.8
MHz) on Maich 14 1980. During this period, the aircraft flew a N-§
latitude leg (41°53'N to 43°01'N) maintaining & longitude of 104°31'W.
During this sank cycle, no effect was seen at Carpenter as the geometry
was wery urtaorahle fef. Figure 1) while | dB fluctuation with periods

20 sec was ubserved at Dougias

To summanze, we have demonstrated for the first time that HF-
dnven instability in the underdense ionosphere can give rise to observ-
abte scintilavion effects st 250 MHz. Perking and Goldman (1980) have
recentiy shown that there cxists a finite possibility of the genetation of
self focusing instability by the microwave power beam of the SPS and
have predicted irregulac deasity fluctuations to be two orders of magni-
tude grea.ev than the HF case, considered in this paper. As a conu
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Variability of ionospheric time delay in the
Mediterranean region

David H. Hendrickson
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Abstract. Faraday rotation measurements of VHF radio waves from the SIRIO
satellite have been used to determine statistics of variability of {fono-
spheric time delay in the Mediterranean region for the current solar maximum
period. Results show standard deviations of up to 25 percent, or up to six-
teen times ten tc the sixteenth power electrons per square meter column.
During davtime periods the distribution of errors about the monthly average
time delay is nearly Gaussian. Modern satellite ranging systems which re-
quire correction for the effects of the time delay of the earth's ionosphere
need continued high accuracy ionospheric time delay data which is available
from the Faraday rotation of VHF radio waves on the SIRIO satellite.

1. INTRODUCTION

Modern satellite ranging systems, navigacion
and satellite radars, and satellites used for
precise time transfer, may require a knowledge of
the time delay of the earth's ionosphere to
attain the desired system accuracy. The retarda-
tion of the modulation of the radio wave {mposed
by the ionosphere is a function of the total num-
ber of electrons encountered by the radio wave
on {ts passage from satellite to user on, or
near, the ground. The amount of time delay caused
by the ionosphere can be expressed as:

HONOSPHERIC TIME DELAY (SECONDS)

pe - 403 TEC
cf
T M S T S PR Y P ao
where 100MHz 200 300 400 500 16z 2 3 43
At 18 the time delay in seconds FREQUENCY
TEC is the Total Electron Content in
electrons/meter2 column Fig. 1. Tonospheric time delay vs system oper-
¢ i3 3.0 x 10° meters/second ating frequency for 4 levels of TEC.
f is the frequency of the signal in Hertz
Values of Total Electron Content (TEC) range The NAVSTAR/Global Posfitioning System (GPS) de-
from 1016 to perhaps 1019 el/m? column. Figure ! seribed by [l is an example of a two frequency
{llustrates the amount of tlme delay imposed by satellite navipation system in which the second
the carth's jonosphere on radio waves as a func- system operating frequency Is used to autumati-
tion of frequency for four vialues of TEC. Note cally correct for the ionospheric first order time
that time delays of 100 microseconds can be en- delay.
countered at VHF, and delays of almost a micro- Other advanced satellite ranging systems may
second will be found at 1,6 GHz. not he able to use a two frequency automatic cor-
Since the fonosphere {s a dispersive medium the rection method and must elther use monthly average
umount of the time dclay is an inverse functlon of {funospherfc model values of TEC or may make no
system operating frequency, and this tact can be correction at atl for the fonospheric time delay
used to advantage in systems which require the effects.  In this paper we will describe the vari-

preci{se correction for lonospheric time delay. abtlity of the fonospheric TEC in the Med{terranean
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region for the current solar maxtmum period, for
use by satellite systems destgn engincers ard
others who wish to know the magnitude of ions
spheric time delay on their system. The current
solar maximum is approx.mately S0% highc: than an
average solar maximum and is likely 2 worst case
solar cycle for aystems engloeering planning
purposes,

2. THE EXPERIMENTAL DATA BASE

Total Electron Content data used in this report
was obtained from measurements of Faraday rotation
of linearly polarized VHF celemetry radio waves
transmitted from the SIRIO geostatinnary satel-
l4ce.  The SIR1O satellite wos launched as an ex-
perimerrtal advanced concept communications sate.-
lite by the Italian National Research .ouacti.

The measurements were taken at Athbens, Greece,
37.97°N lat., 23.72°E long., viewing the SIRIO
satellite in a direction of 30.6° elevation,
232.6° azimuth. The equivalent location

in the ionesphere which is commonly used in re-
presenting trans-ionospheric propagation data was
taken at a height of 420 kilometers, 4nd was lo-
cated at 34.5°N, 18.4°E. vValues of measured
Faraday rotation were converted to equivalent ver-
tical TEC using the stand. rd method described by
12}

Faraday rotation is a measure of TEC only to an

approximate height ot 2000 to 3000 kilometers.
tere is an additional small contribution to TEC
due to electrons above this helght, from a regton
colled variously the plasmasphere or protono~
sphetes This additiconsa]l contribution to TEC {g
estinated €2 be on!y 10 to 15 perceant, at least
dur {ng the daytime period when the absolute values
of TEC are highest. 1o this report we have only
used the contribution to total time delay due to
the Yarada, vtfecte.

While values of Faraday polarization rotaction
are taken continuously from the Athens starton,
they are 1educed to equivalent verctical TEC data
oniy at 15 winute intervals, which is adequate
for most enyineering purposes. Dato for five
months his been compiled and manthly averages and
stutistical values for these months are repre-
sent.od here.

3. RESuLTS

An immediate familiarization with the monthly
variahility of fonospheric time delay can be ob-
rained by examining the plots shown in Figures 2
Chroaph 6. 1o these figures diurnal curves of
FEG are plotted versus time for all days of each
month. The scatter from day to Jduy about o
monthly mean curte can he seen caslly fo the
tiyinres,  lote that the abgolute values ot TEC ard
highest ta mid=at ternoon, and are lowest in the
late ulght hours. Note aiso, that the scasonal
behavior shows highest vitves In March, with low-
est values occurring in dune.  The data 1Ylus-
crated in Figures 2 through 6 are represeatative
ot bl the seasons of a4 solar maximen year, and
can be taken by systems design engincers as typl-
cal behavior of ionospheric time delay for the
Mediterrancan region tor this solar maximum period
19/8-79. Corresponding values of TEC during a
solar minimum period would be approximately ope-
thir! to ope-quarter 98 high as those tllustrated
hero.

In Figure 7 the percentape standard deviation
of individua} TEC daily values trom the hourly
mean values tor the fiv: months {« plotted. As
can .lso be seen from the monthly TEC datuy ovver-
plots shown In Flgures 2 6 the standard deviation
of the daytime data i= greatest during the month
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of April. Standard deviations are more important
during the daytime periods as the greatest abso~
lute values of TEC occur during those hours. The
greatest percentage standard deviations occur
during the early morning hours of March and April,
but these values are relatively unimportant due to
the very low absolute TEC values during those
hours.
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Flg. 2. Monthly overplot of TEC vs UT at Athens,
Greece for December, 1978.

Fig. 3. Same as Fig. 2 for March, 1979.

Fig. 4. Same as Fig. 2 for April, 1979.
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Fig. 5. Monthly overplot of TEC vs UT as Athens,
Greece for June, 1979.
Fig. 6, Same as Fig. 5 for September, 1979.
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Fig. 7. Percer’ standard deviation of TEC vs UT
for mc-:iths indicated for Athens, Grecce.

During the daytime hours the percent standard
deviation from monthly average values is highest
during the month of April 1979 and lowest during
the preceding month of March 1979. In Figure 8
we have plotted the AP daily index of planetary
magnetic activity for those two months and we tind
that there were several periods ! magnetic
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Fig. 8. Dally average magnetic Ap indices for
March-April 1979.

activity during March. There was an extended
period of relatively quiet magnetic conditions
during the April 6 through 20 period, followed by
generally very disturbed conditions from 21 April
through the end of che month. The greatest
changes in TEC from monthly average behavior gen-
erally occur during magnetically disturbed
periods, but the difference in magnetic activity
between the months of March and April was not
great enough to account for rhe large difference
in standard deviation observed in the TEC hourly
daytime values for these two months. A more like-~
ly explanation for these observed differences in
standard deviation is that the normal seasonal
changes from winter-like to summer-like TEC di-
urnal behavior occur during the month of April.
Those seasconal changes, along with magnetic acti-
vity, are likely responsible for the observed
greater standard deviations in TEC during April.

Another important measure of the daily differ-
ence from monthly average TEC values is the dis-
tribution of the differences. The standard de-
viation applies to a normal, or Gaussian, distri-
bution of differences from monthly mean values,
but just how close to a Gaussian shape are these
differences? In Figure 9 the distribution of the
difference from mean TEC hourly values for the
1000 to 1400 UT time interval is plotted for the
wonth of March 1979. Also plotted in the same
figure is a Gaussian curve with a standard

OWFERENCE FROM MEAN TEC WOURLY VALUES
ATHENS  MARCH 1979 1000 - 1400 UT
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Fig. 9. Distribution of differences from mean
hourly TEC values for Athens, Greece,
March, 1979, 1000-1400 UT. Dashed curve
is a gaussfan curve of standard deviation
9.0.
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Table I - Statistics of monthly TEC behavior for Athens, Greece for the indicated months.
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deviation of 9 TEC units. It can be seen that
the observed distribution i{s appruximately
Gaussian, with perhaps more actual values on the
negative side than a Caussian curve. Figure 1O
shows the differences from mean TEC for the month
of April 1979. In this month the actual values
depart more significantly from Gausslan shape,
both for large negative differences and for
smaller positive differences. In general, the
distribution of day-to-day differences of TEC
from monthly average values {s nearly Gaussian,
or at least can be assumed to be, for most systems
engineering study purposes.

.
DIFFERENCE FROM MEAN TEC FIFTEEN MHUTE vaLUES
ATMENS APRIL 1979 10001400 UT

L el
or
vaLugs

R ERENCE (UNiTS OF 10V nirm’t

Fig. 10. Distribution of differences from mean
values of TEC taken at 15 min intervals
for Athens, Greece, April, 1979, 1000-
1400 UT. Dashed curve {s a gaussian
curve of standard deviation 15.0.

In addition to the measures of monthly mean
and standard deviation, either expressed in per-
cent or in absolute value of TEC units, it is
also important to know the extreme limits of the
data. In Table 1l are presented the complete sta-
tistics of monthly TEC behavior for the five
months typical of the various seasonal changes in
the Mediterranean region during solar maximum
ionospheric conditions. Presented in Table 1 are
hourly values for the mean, standard deviation,
percentage standard deviation, winimum and maxi-
mum values for each hour, and the upper and lower
quartiles and deciles. Finally, for each hour of
the statistics, the count of number of values is
given.

4. CONCLUSIONS

The effects of the time delay of the earth's
ifonosphere may be important for precise satellite
ranging systems. For the Mediterranean region for
solar maximum conditions we have presented stat-
istics for the behavior of the fonospheric TEC.
which is proportional to time delay. The devia-
tions from monthly mean conditions are approxi-
mately 15 to 25 percent during the daytime periods
wvhen absolute values of time delay are largest.
The distribution’of differences from monthly mean
values {s approximately Gaussian. The availabil-
ity of linearly polarized VHF telemetry signals
from the Italian SIRIO satellite has made these
measurements possible, and continued transmissions
from the SIRIN satellite are necessary if more
data 13 to be gathered on the downward side of the
solar cycle.
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