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AT SUMMARY

Ionospheric irregularity and total electron content studies have

-

;§ 5 been conducted near the equator, at midlatitudes and at high latitudes.
=i:§ The nature of ionospheric irregularities generated by high-power high-
s, frequency heating has also been investigated.

.:;: Near the equator the major emphasis has been elucidation of the
:g: differences in the character of large (i.e., TEC) and small (“km) scale
Sﬁ: variation at the magnetic equator vis-a-vis the Appleton anomaly crests.
o By comparing the shortest correlation lengfh transverse to the propa-

% f: gation path at both these locations, it is found that the correlation

-‘%: length at the equator is a factor of 5 larger than that at the anomaly

ts&s crest thereby indicating the much weaker strength of scattering at the

;J- equator. The TEC depletions at the equator are found to maximize
\zﬁg during the vernal equinox which is also the period of the largest GHz

- ;3 scintillation occurrence. It was also shown that large scintillation
ﬁéﬂ patches at VHF are associated with frequency spread on ionograms, but

; d no TEC depletions during the December solstice under high sunspot
et conditions.

;ﬁg At the Appleton anomaly crest it was found that saturated 1.54 GHz
;:{: scintillations occur routinely in the early evening hours when ambient
ﬂ: F-region densities are very high. Usually at such times intense and

‘:;Q fast fluctuations in Faraday rotation angles are found to occur as a
:E. consequence of depolarization due to diffractive scattering by small

55?; scale (<200 m) density irregularities which are also responsible for

= the GHz scintillations. Further, the in-situ structure of such large
gj;: amplitude irregularities is found to have a 2-component spectrum with

',*': the spectral break occurring around a scale-length of 1 km. Continuous

{:f: scintillation observations at the Appleton anomaly crest in the Indian

4;;; ) longitude sector show remarkable increase in irregularity occurrence at

&:ﬁ the equinoxes with increasing solar activity.

_:2; b At midlatitudes near Arecibo the occurrence of irregularities was
;ﬁga found to be associated with gradients in TEC caused by the midnight
L. =,

collapse of the F-region. Similar gradients are scen at Haifa, Israel




also, but here they occur during the post-sunset period rather than ac

midnight.
The high-latitude environment was found to be always populated by

km-scale irregularities according to the in-situ data from the

Atmosphere Explorer-D satellite. A special class of these irregulari-
ties near the equatorward edge of the diffuse aurora was found to be . |
associated with soft electron precipitation and to give rise to
enhanced TEC and intense phase and amplitude scintillations.

Finally, the spectral characteristics of irregularities generated
by ionospheric heating at Platteville and Arecibo were studied and

significant differences noted between spectral slopes at the two sites.
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Radio Science, Volume 18, Number 2, pages 263271, March-Apnil 1983

The temporal structure of intensity scintillations near the magnetic equator

Santimay Basu

Emmanuel College, Boston, Massachusetts 02115

H. E. Whitney

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

(Received April 5, 1982; revised October 22, 1982; accepted October 22, 1982))

The temporal structure of weak and strong intensity scintillations observed with a geostationary
satellite at 249 MHz near the magnetic equator is studied. 1t is shown that for weak intensity scintil-
lations, the power spectra exhibit an asymptote immediately beyond the Fresnel frequency. which
signifies a power law variation of power spectral density with frequency yielding spectral indices
ranging between —3 and —3.5. By the use of simultancous irregularity drift measurements, it is found
that the power law portion of the spectrum for weak scintillations is caused by F region irregularities in
the scale length range of about 700 m to 100 m. On the other hand, for strong inlensity scintillations,
the asymptote signifies a somewhat higher spectral index ranging between —3 and —4.5. Considering
both weak and strong scintillations, an average spectral index of — 3.5 is obtained which is found to be
consistent with the average one-dimensional in situ spectral index for irregularities with scale lengths
less than 1 km. In addition, it is shown that for strong intensity scintiliations, a substantial decrease of
the correlation time occurs which is dictated not only by the increased strength of scattering but by the
increased irregularity drift as well. At 249 MHz the shortest correlation length transverse to the
propagation path is found to be about 70 m near the magnetic equator. This is a factor of § larger than
the corresponding value obtained away from the equator near the crest of the equatorial anomaly at’

Ascension Island.

INTRODUCTION

In the postsunset hours, near the magnetic equa-
tor, intense F region irregularities of electron density,
encompassing a scale length range of tens of kilo-
meters to tens of centimeters, are often encountered
[Basu and Basu, 1981; Ossakow. 1981; Kelley and
McClure, 1981]. The irregularities, covering nearly 5
decades of scale length range, develop suddenly
within an hour of ground sunset and decay near mid-
night, with the erosion of the shorter scale irregu-
larities taking place prior to those of the larger scales
[Basu et al., 1978, 1980]). As a result, VHF-UHF
radio waves from geostationary satellites during their
passage through the intense irregularity environment
are strongly scattered in the early cvening hours but
suffer only weak scattering in the postmidnight
period when the irregularity intensity is greatly re-
duced. Consequently, a receiver on the ground re-

Copyright 1983 by the American Geophysical Umon.

raper number 2516499,
OD4K-6604/% 3/0304- 1 69930K (0

Tho_U:s. Government is suthorized to reproduce and sel this report.
Parmission for further reproduction by others must be rirtained from
tha copyright owner.

cords a sudden onset of intense fluctuations of ampli-
tude and phase in the evening and registers a gradual
decay of the fluctuations in the postmidnight hours.
Continuous scintillation measurements with geo-
stationary satellites thus offer an opportunity to
study the nature of signal fluctuations under varying
scattering conditions.

{n this paper we shall study the temporal structure
of intensity fluctuations observed at Ancon, Peru (dip
2°N) by the use of the 249 MHz transmissions from
the near-geostationary satellite LES 9. For geo-
stationary satellitc observations, the temporal struc-

.ture of intensity scintillations is dictated by the

integrated clectron density deviation, the power spec-
trum of the irregularities, and their drift specd. Satel-
lite in situ data when combined with other support-
ing data on irregularity layer thickness indicate that
the integrated electron density deviation in the scale
length range of tens of kilometers to a few hundred
meters may vary by 2-3 orders of magnitude from
inside to the outside of an irregularity patch. From
satelhite and rocket sn situ measurements, the power
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spectrum of the nighttime F region equatonal irregu-
larities have also been studied. The irregularity spec-
tra can, in general, be characterized by a power law
form but considerable variations of the spectral
character are noted [Buasu et al., 1980, 1983. Lir-
ingston et al., 1981: Rino et ai., 1981]. Further, on
many occasions, the spectral description of the ir-
regularity structure becomes invalid [Wernik et al.,
1980]. Finally, during the period of scintillation ac-
tivity, the eastward drift speed of the equatonal ir-
regularity changes. In the course of a singie night the
drift speed may change from 200 m/s in the evening
to 50 m/s late at night giving rise to a factor of 4
variation. Thus owing to the variation of the parame-
ters that characterize equatonal irregularities, the
temporal structure of intensity scintillations is ex-
pected to undergo considerable change in the course
of a single night. In particular, the wide variation of
the power spectral density of the irregularities i1s ex-
pected to control to a large extent the intensity scin-
tillation structure.

To characterize the structure of scintillating signals
in statistical terms, the power spectra of intensity
scintillations are computed. The theory of weak scin-
tillations is well developed and, in this framework,
the power spectra of intensity scintillations can be
simply relatcd to the spectra of ionospheric irregu-
larities [Cronyn, 1970; Crane, 1976]. Recently, coor-
dinated scintillation and in situ irregularity measure-
ments have been performed in the equatorial region
{Basu et al., 1980, 1983; Livingston et al.. 1981; Rino
et al., 1981] which have allowed a direct comparison
of the irregularity structures predicted from scintil-
lation measurements with those measured by in situ
probes. In contrast to weak scintillations, a few at-
tempts have been made to develop the multiple
scatter theory appropriate to strong ionospheric scin-
tillations [ Yeh et al., 19757 and the results of asymp-
totic or numerical computations have only been
obtained for the case of deeply modulated phase
screen, i.e., strong single scattering with assumed
forms of irregularity spectra [ Rino. 1980; Booker und
MuajidiAhi. 1981]. Yet, near-saturated intensity scin-
tillations at frequencies as high as UHF are routincly
observed in the equatorial region during the night-
time and persist for scveral hours. ln view of the
paucity of results on the structure of strong intensity
scintillation in the equatorial irregularity environ-
ment, we have focused our attention on this type of
scintillation as obtained from continuous scintifation
measurements with gcostationary satcllites near the

magnetic equator. We shall examine these results
the context of our recently improved knowledge of
irregularity structures and current theoretical work
that predicts the structure of strong ionospheric scin-
tillations.

RESULTS AND DISCUSSION

Figures 1-4 show a sequence of four 3-min scinul-
lation data segments along with their spectra. ac-
quired during the development phase of equatonal
irregularities. Each of the spectra exhibits a flat low-
frequency end and a linear roll-off portion in the
high-frequency region. The modulation structure
around 9 Hz visibie in all spectra from Ancon is not
ionospheric in origin but is introduced by the tape
recorder. To avoid aliasing of this structure with
ionospheric fluctuations, a data sampling rate of 36
Hz was used. [t may be noted that the increase in the
level of scintillation from the weak-scatter limit
(S, = 0.5 in Figure 1) to the level of strong scattering
(Ss = 092 in Figure 4) leads to an increase in the
width of the power spectra. Since the power spectrum
and the correlation time are transform pairs, this in-
crease in spectral width corresponds to a reduction of
correlation time. The correlation times that reduce
the autocorrelation coefficient to 0.5 in Figures 1-4
are 4.6 s, 4.1 s, 3.6 5, and 2.6 s, respectively. Thus the
correlation time reduces with increasing S, index
[Crane, 1976; Umeki et al.. 1977a; Whitney and Basu,
1977: Rino and Owen, 1981]. It should be noted,
however, that for geostationary satellite observations
the autocorrelation interval can decrease not only
with an increase in the strength of scattering but also
with an increase in the irregularity drift speced. We
shall presently show that the variation of the irregu-
larity drift speed was negligible during the 12-min
period corresponding to Figures 1-4. Thus the ob-
served cffect 1s indeed caused by strong scattering.
Yeh et al. [1975] first investigated the problem theo-
retically for the ionospheric case and obtained nu-
merical results to illustrate this effect of strong scat-
tering on the spatial correlation of intensity scintil-
lation.

The irregularity drift speed was determined by
making scintillation measurcments with a pair of
reccivers spaced over an cast-west bascline of 366 m.
The time delays which give maximum correlation he-
tween the pair of santllation records were deter-
mined every 3 min and were combined with the
known length of the baschne to dgrnc the drift spced.
Since the magnetic dechnation of thas Lcation s only
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Fig. 1. A 3-min data sample and its spectrum obtained at  Fig.3. Same as in Figure | except that the data start at 0040 UT.
Ancon from LES 9 starting at 0034 UT on March 20, 1977. during
the developing phase of equatorial irregularities. The normalized

s
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.
- second central moment S, and the spectral index n of the roll-off The drop in the cross correlation coefficient is
} ::'.-; portion are indicated in the diagram. probably due to cither a change in the irregularity
N \? structure or velocity turbulence in the carly evening
i 6°E, the measured drift corresponds very closely 1o hours. The top panel shows a considerable variation
DY the drift in the magnetic E-W direction and any con-  of the irregularity drift speed between the carly and
:.‘: tamination by the drift in the N-S direction is negli-  the late evening periods. From Figure 5, we can now
oy ible. The drift speed, so measured, is called ‘appar-  substantiate the earlier statement that between 0037
Sy 2 pee : | .
" ent’ drift because no allowance is made for the effect UT and 0043 UT the drift speed did not vary ap-
S of anisotropy or any changes in the diffraction pat- preciably. In fact, a maximum variation of 15%
tern as it moves. However, it is not possible to mea- around an average value of 70 mys is observed.
¥ sure reliably the true velocity near the magnetic In order to illustrate the cffect of the variation of
g", ’, equator where the correlation lengths in the N-S di-  the drift speed on the temporal structure of intensity
! rection is 100 times more than the E-W direction scintillation, we show a data segment and the corre-
Wl [Briggs and Golley, 1968; Koster et al., 1966]. sponding spectrum in Figure 6 and compare it with
B The top panel in Figure 5 shows the variation of Figure 4. Both data scts represent similar S, index
: the apparent horizontal E-W drift with universal but under very different drift conditions. The spec-
time, and the bottom panel shows the variation of trum in Figure 6 corresponds to a correlation time of
3 3.{‘-4 the cross correlation coefficient. The breaks in the 0.83 s as compared to 2.61 s for the spectrum shown
,',}:: top panel correspond to periods of time when the in Figure 4, indicating a factor of 3 variation in cor-
M, cross correlation coefficient became lower than 0.5 relation time at substantially the same level of S,
::(:: and rendered the drift measurement unreliable. index. If we refer to Figure S, we find that Figure 4
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Fig. 5. [lrregularity drift velocity and cross correlation coefficient measured by the spaced receiver technique, using
LES 9 transmissions at 249 MHz on March 20, 1977. The E-W baseline was 366 m.

corresponds to a period when the drift was 70 m/s,
whereas Figure 6 corresponds to a drift of 160 m/s, a
factor of approximately 2.5 increase. Thus the ob-
served decrease in correlation time under a similar
level of scintillation is explained largely by consider-
ing the variation of the irregularity drift.

In order to study the effect of the strength of scat-
tering on spatial correlation, on a statistical basis, we

ANCON, PERU LES 9 249 MHz
MARCH 20, 1977

S4 #0.90 0216 UT
48 d8/Hz
0 2.2& ns-37%01
3 ﬁ o+
[0} 1 | .|QL
-5: -20r
10} -30{
- 40!
-IS}' %o}
-20 ~60|
LJ_A. b b SRS . ,
0 €0 120 180 107* 07" 10° o'
TIME - secs

FREQUENCY - M2
Fig. 6. Same as in Figure | except that the data start at 0216

UT. Note that the tlat low-frequency portion extends to 02 He,
showing the effects of decorrelation due to increased drift velocity

obtained the product of the autocorrelation interval
and the component of the E-W drift speed in a direc-
tion orthogonal to the propagation path. In Figure 7
we show the variation of the transverse spatiai corre-
lation distance with S, index from data obtained on
the night of March 6-7, 1978, at the same location.
The observations on this night were selected as they
provide a more uniform coverage of the range of S,
values. The decrease of transverse spatial correlation
length with increasing S, index in the strong scatter
regime (S, > 0.5) is evident as depicted by the best tit
straight line. The scatter of the points around the
best fit line is within the bounds of the variance esti-
mates of the cross correlation function utilized to
obtain the drift speed as well as the variance of the
correlation time. [t should be mentioned here that
the correlation time under strong scattering has also
a dependence on the irregularity spectral index. For .
strong turbulence, the correlation time reduces with
increased spectral index if the outer scale is large
compared to the Fresnel radius (42)''% 4 being the
wavelength of scintillation measurement and : the
height of the irregularities [Rino, 1980; Booker and
MajidiAhi, 1981]. Rino and Owen [1981] have stud-
icd the problem with the orbiting Wideband satellite
data and demonstrated that the theoretical fic to the

gy N T N NN VN N A SR A S S A e

8




>

'
+

Y

)
PPN
's “

e W)

"‘., ‘..‘4-.;: “-

4%

P

A A

BASU AND WHITNEY: TEMPORAL INTENSITY SCINTILLATIONS 267

SPATIAL CORRELATION LENGTH ( meters)
@
Q
7

MARCH 6-7, 1978
LES 9 249 MMz

ANCON

Fig. 7. Variation of spatial correlation length p, transverse to the propagation path with 8, index. In the strong
scatter regime (S, > 0.5), p, decreases with increasing S, as indicated by the best fit straight line.

experimentally observed loss of the temporal corre-
lation of strong intensity scintillations with the phasc
turbulent strength is greatly improved when the vari-
ation of the spectral index and the effects of wave
front curvature for low-altitude satellites are con-
sidered. The variability of the irregularity spectral
index that may contribute to the scatter in Figurc 7
will be shown later.

In view of the considerable interest in the relation-
ship between the temporal structure of scintillations
and the spatial structure of ionospheric irrcgularitics
[Basu et al.. 1980, 1983; Livingston ¢t al.. 1981: Rino
et al, 1981], we shall study. in the following para-
graphs, the form of the power spectra of intensity
scintillations and compare the rcsults with the avail-
able information on irregularity structures. We have
already shown the power spectra of five data seg-
ments, each of 3 min duration, in Figures 1-4 and
Figure 6. The lincar roll-off portions of the spectra
depicting the variation of power spectral density
(PSD) with frequency f on a log-log scale indicate a
power law variation /" of PSD with frcquency. The

power law index n is determined from the slopes of
the best fit straight line in the frequency runge of

0.1-0.6 Hz in Figures 1-4 and the range of 0.4-2 Hz
in Figure 6, where the roll-off does not commence
before 0.3 Hz, The value of the index n is indicated

A A T N

on each spectra. Figures 1-3 indicate a power law
index in the vicinity of — 3, whereas in Figures 4 and
6, which correspond to S; ~ 1, the index approaches
a value of —4, We shall show later that on a statis-
tical basis, it is difficult to conclude if there exists a
pronounced and systematic variation of n with $,
index at the Ancon station which is situated close to
the magnetic cqualor.

An unmistakable evidence of steepening of the roll-
off portions of intensity spectra for strong scintil-
lations has, however, been obtained recently from
mcasurements made near the crest of the equatorial
anomaly [Basu et al.. 1983]. During the recent solar
maxtmum period. the nighttime F region ionization
density at the crest was found to be at least a factor
of 3 4 higher than that at the magnetic cquator,
creating a much higher strength of turbuience at such
stations as compared to those near the magnetic
cquator. At Ascension Island. so strong was the inte-
grated clectron density deviation that even the 1.54
GHz transmussion from the Marisat satellite was
driven to saturation (S; ~ 1). Under such conditions,
the flat low-frequency part of the intensity scintil-
lation spectra at 257 MHz extended to frequencics as
high as 3 Hz, yiclded extremely steep slopes (f )
over the lincar roll-off portions, and provided corre-
lation lengths as small as 1S m in a direction trans-
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o verse to the propagation path. One such data sample The set of spectra in Figures 9-11 illustrates the
o and the corresponding spectrum are shown in Figure  characteristics of weak scintillations. Each spectrum
;:_; 8. It should be noted that the data in this diagram  yields a maximum power spectral density at the Fres-
ST were acquired by a different tape recorder which did  nel frequency fgp. which corresponds in the fre-
‘::.-‘ not introduce the modulation structure around 9 Hz  quency domain to the Fresnel radius (4z)!'? in the
. present in Ancon data. spatial domain [ Cronyn, 1970]. The slopes of the best
A Figures 9-11 indicate a sequence of three data scg-  fit straight line (between 0.1 and 0.6 Hz) to the high-
‘;.\-‘_' ments and their spectra acquired at Ancon between  frequency (f > fr) roll-off portion of the spectra in-
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ANCON, PERY LES 3 249 Mz lations 1s expected to be greater than the one-

MARCH 20, 1977 . . . . . .
541026 0343 UT QImcnsmnal irregularity spectral index n, by unity.
. . Le, [nt=|n | + 1. It should be noted that this re-
8 ats h N aw el . -
o 0 ne-36 401 lationship is based on the assumption that the three
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Fig. 11. Same as in Figure t except that the data start at 0343
UT.

larities. Thus the high-frequency asymptotes in the
set of power spectra shown in Figure 9-11 corre-
spond to irregularities in the scale length range of
~700 m to ~100 m.

In Figure 12, we examine on a statistical basis
the variation of spectral index n with S, from all
measurements made on the night of March 20, 1977.
It may be noted that most of the points are scattered
between n = —3 and —4, yielding an average value
of n ~ —3.5. In addition, a small trend of incrcasing
spectral slope with increasing S, may be observed.

The asymptotic spectral index n of intensity scintil-

dimensional power law type of irregularity spectrum
is nonscparable, 1.¢., the spectrum in any of the three
orthogonal directions is not independent [Cronyn,
1970]. In the absence of satellite in situ data over the
obscrving location on this night. we examined the
high-resolution (35 m) in situ clectron density data
obtained by the AE-E satellite and their spatial spec-
tra obtained the night after (i.c.. on March 21, 1977)
as discussed by Basu er al. [1980]. A study of 34
spatial spectra of turbulent type of electron density
variations having irregularity amplitudes AN/N be-
tween 1 and 20% (AN being the electron density
deviation and N being the average clectron density)
revealed that a spectral partitioning into two do-
mains corresponding to irregularity scale lengths
A <1 km and A > | km is necessary. It was found
that although the spectral indices in both domains
vary from sample to sample, similar to the scatter of
n in Figure 12, the average value of thc one-
dimensional spectral index in the large scale length
range (A > 1 km) is n, ~ —1.5, whereas at short
scale length (A < 1t km) the average spectral index is
n, ~ —2.8. Since the intensity scintillations at 249

-50
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MHz are caused by the short-scale irregulanties, the
spectral index of intensity scintillations 1s expected to
be n~ —38. The average value of n ~ —3.5 ob-
tained from Figure 12 is thus in very good agreement
with the predicted value, particularly because the in
situ data refers to a fixed altitude, whereas the inten-
sity scintillation is an integrated effect. Receat analy-
sis of in situ data at Ascension Island indicates that
the most probable value of the one-dimensional spec-
tral index lies between —3 and —3.5 [Basu et al.
1982]. It is not known if the greater value of the
spectral index at this location as compared to the
equator is a result of the difference in longitude or
the difference in solar activity between 1979 and
1977.

We have noted earlier that there exists in Figure
12 a small trend of increasing n with the increase of
S.. Whitney and Basu [1977] performed scintillation
measurements at 137 MHz and 360 MHz from the
nearby Huancayo station and reported steeper slopes
of the frequency spectra at 137 MHz compared to
the slopes at 360 MHz, when the lower frequency
was driven into the strong scintillation regime and
the higher frequency remained in the weak scintil-
lation regime. It seems that the small trend in Yigure
12 could have been more pronounced if the observ-
ing frequency were lower than 249 MHz. It should be
noted that earlier theoretical and experimental work
indicated n should remain the same for both weak
and strong scintillations [Rumsey, 1975: Marians,
1975; Umeki et al., 1977h]. Recently, numerical com-
putations of strong scintillations [ Rino, 1980 Booker
and MujidiAhi, 1981] indicate that in a very strongly
turbulent power law irrcgularity cnvironment the
asymptotic spectral index of intensity scintillations
becomes steeper if the one-dimensional irrcgularity
power law index exceeds a value of 2. Such spectral
steepening is often observed in 250 MH7 scintilfation
data obtained ncar the crest of the cquatornal ano-
maly as discussed in Basu et al. T1983]. We have
shown one such sample in Figure 8. The preponder-
ance of such cascs of steepening observed at 250
MHz ncar the anomaly crest compared to the cqua-
tor is probably due to the high ambient iontzation
density (~3 x 10" m ) prevalent near the crest of
the anomaly dunng the solar maximum pertod as
compared to 4 value of about 5 x 10" m * near the
cquator during solar minimum. For the same level of
irregulanty amplitude, the clectron density deviation
1s thus a factor of 6 higher at the crest than near the
equator,

10

SUMMARY

The temporal structure of intensity scintiiiations
observed with a geostationary satellite at 249 MHz
near the magnetic equator studied in the paper may
be summarized as follows.

The asymptotic portion of the spectra of weak in-
tensity scintillations at 249 MHz near the maugnetc
cquator corresponds 1o irregularity scale lengths
covering 700 m to 100 m at F region heights. Con-
sidering both weak and strong scintillations, an
average asymptotic spectral index of n ~ —3.5 is ob-
tained which rclates quite well to the observed
average one-dimensional irregularity spectral index
n, ~ —2.8 at scale lengths shorter than | km. The
steepening of the spectral slope of strong scintil-
Jations at 249 MHz is minimal near the magnetic
cquator due to low ambient ionization density at F
region heights. The effect may be noticeable at a
lower frequency of observation near the magnetic
equator or at 250 MHz in a stronger irregularity
cnvironment such as the crest of the equatorial ano-
maly in the Ascension Island sector during the solar
maximum period.

The decrease of correlation interval in geo-
stationary satellite observations arises from both an
increase of the strength of scattering as well as a
variation of the irregularity drift speed, the latter un-
dergoing at least a factor of ~4 variation in the
course of a night. At 249 MHz, the smallest trans-
verse spatial correlation length is observed to be
~ 70 n near the magnetic equator. We have shown
that correfation lengths as small as 15 m at the same
frequency are obtained in a much stronger irregu-
larity environment existing at Ascension Island,
which 1s situated near the crest of the equatorial ano-
maly.
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TONOSPHERIC ELECTRON CONTENT DEPLETIONS ASSOCIATED WITH AMPLITUDE SCINTTLLATIONS
IN THE EQUATORIAL PEGION

1% 3

A. DasGupta~", J. Aaronsl, J.A. Klobucharl, Santimay Basuz, and A. Bushby

lair Force Geophysics Laboratory, Hanscom AFB, MA 01731
2Emmanuel College, Boston, MA 02115 .

Jinstituto Geofisico del Peru, Huancayo, Peru

Abstract. The diurnal and seasonal behavior of Data
the depletions in the ionospheric electron con-
tent, associated with amplitude scintillations
measured at Arequipa, Peru for about one year
around the recent solar maximum period, are pre- ATS-3 has been in operation at Arequipa, Peru
sented. The seasonal variation shows asymmetri- (16.4°S, 71.5°W, Geogr.; 9°S dip) since March
cal equinoctial maxima, the February-April period 1979. The present paper is based on observa-
having markedly higher occurrences. Amplitude tions made during the one year period May 1979 -
scintillation measurements at 1.54 GHz and 257 May 1980. The 400 km subionospheric point is
MHz at the nearby magnetic equatorial station approximately (14.5°S, 74.6°W, Geogr.; 2.5°S dip)
Huancayo, Peru also show a similar pattern. A and the satellite look angle has an elevation of

A polarimeter recording the Faraday rotation
and the amplitude of the 137 MHz signal from

comparison of the three sets of data indicates
the simultaneous development of irregularities of
different scale sizes and earlier erosion of the
smaller scale irregularities.

about 46°. The measurements of amplitude scin-

tillactions of the 1.54 CHz and 257 MHz signals
from the satellite Marisat (15°W) obtained at the

nearby magnetic equatorial station Huancayo, Peru

(12°s, 75°W, Geogr.; 2°N dip) have been used for

Introduction comparison. The 400 km subionospheric point in
this case is (11°S, 68.5°W, Geogr.; 2.5°N dip)
Multitechnique observations of ionospheric ir- and the elevation angle is 20° looking almost

regularities in the equatorial region have esta-
blished that the irregularities in electron den-
sity distribution may occur over a height range
of a few hundred kilometers in the F-region of
the ionosphere. Such irregularities in the form
of ionization depletions, sometimes having ampli-
tudes as large as an order of magnitude of the
ambient level, occupying an extended height range
should have their signatures on the height inte-
grated total electron content of the ionosphere
at an equatorial station. Klobuchar et al.

directly towards the east. It may be noted that
the observations reported in this paper cover a
period when the average monthly Zurich sunspot
number R; was very high (& 163).

Results

Figure 1 shows the percentage occurrences of

electron content depletions of amplitude 1 x 10'¢

el/m? or more. The limited sensitivity of polar-
imeter records at stations near the magnetic

(1978) and Yeh et al. (1979a) have shown that the equator does not permit accurate observations of
Faraday rotation technique can be used to observe depletions with smaller amplitude. Since the dy-

ionospheric electron content depletions associ-
ated with amplitude scintillations of transiono-
spherically propagated signals. Yeh et al,
(1979b) have published results of observations on
such depletions for a very limited period of
about one month. Although the abowve papers have
shown that the Faraday rotation data can be used
for studying electron content perturbations, no
long term study on the behavior of the ioniza-
tion depletions associated with scintillations in
the equatorial region has yet been reported. The
purpose of this paper is to present the results
of such measurements at an equatorial station
Arequipa, Peru during a period of about one year
(May 1979 through May 1980). The results com-
bined with observations on amplitude scintilla-
tions of satellite signals In the VHF to micro-
wave range have been used to obtain information
on the nature and evolution of equatorial iono-
spheric irregularities.
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leave from the University of Calcutta, India.
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namical behavior of the F-region around sunset is
controlled by E-region conductivity (Rishbeth,
1971; Fejer et al., 1979), E-region (110 km) sun-
set and sunrise times at the subionospheric loca-
tion are shown in the diagram. The pre-midnight
diurnal and the equinoctial seasonal maxima are
evident. There is practically no occurrence of
depletions in May-~July months. The most remark-
able feature is the much higher occurrences
around the February-April equinox as compared to
those for September-October months,

Basu et al. (1980) have published the first
long term observations of microwave scintilla-
tions near the magnetic equator at Huancayo
during the solar minimum years 1975-1976. They
have shown that the microwave scintillations also
have seasonal maxima during the equinoxes. A
comparison of the occurrence patterns of the de-
pletions of Figure 1 and simultaneous amplitude
scintillations at 1.54 GHz at the nearby magnetic
equatorial station Huancayo (Figure 2) reveals
some very interesting features. The seasonal
variation of microwave scintillations with a
scintillation index of 3 dB br more snows equi-
noctial maxima, with practically no occurrence in
June~July and less thaa 5 percent uccurrence for
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Figure 1. Monthly percentage occurrence contours

of ionospheric electron content depletions 2 1 x

10'% el/m® at Arequipa during May 1979 - May 1980,

December solstice. An asymmetric seasonal be-
havior, similar to that of the ionization deple-
tions illustrated in Figure 1, emerges in this
case also. The seasonal pattern of microwave
scintillations observed earlier during solar min-
imum condition does not show such pronounced
asymmetry. The depletions, however, persist into
post-midnight hours, whereas scintillation is
mostly confined to pre-midnight periods.

. The electron content depletions are signatures
of irregularities of scale sizes of a few tens of
km. On the other hand, scintillations in the VHF
range are most effectively produced by irregular-
ities having scale sizes of about a km. Irregu-
larities in the scale size range from a km to
several km should also show some correspondence.
This is established from a comparison of Figures
1 and 3. An actual comparison of the percentage
occurrence patterns of electron content deple~
tions at Arequipa and amplitude scintillations at
257 MHz obtained simultaneously at Huancayo
(scintillation index 20 dB or more) also shows a
remarkable similarity, with pronounced equinoc~
tial asymmetry and considerable occurrences
during post-midnight hours. The asymmetric equi-
noctial maxima has not been reported carlier. It
should also be mentioned that 1 selcection of the
geintillation index at a lower level mipht result
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in a different type of seasonal behavior. For
example, If the occurrence statistics are studied
for 6 or 10 dB levels at 257 MHz or even for
saturated scintillations at 137 MHz, a December

solstice maximum is observed, although the asym-
metric equinoctial behavior is still eviaent.

Discussions

Simultaneous observations of electron content
depletions and scintillations at VHF and micro-
waves in the equatorial region indicate the
nature and evolution of the equatorial iono-
spheric irregularities. The ionization deple~-
tions may be taken as the manifestation of tens
of km scale irregularities occupying a consider-
able vertical range around the P-region, whereas
km scale irregularities are responsible for VHF
scintillations. Scintillations in the GHz range
are most effectively produced by irregularities
having scale sizes of a few hundred meters, cor-
responding to the Fresnel dimension at the ob-
serving frequency. During the initial phase of
development in the post-sunset hours, irregulari-
ties of different scale sizes coexist. In the
late phase during post-midunight hours the overall
strength of the irregularities is eroded, the
smaller scale irregularities decaying earlier
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Figure 2. Monthly percentage occurrence contours

of scintillations at 1.54 GHz (SI > 3 dB) ob-
served at Huincayo.
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(Basu et al., 1978; Basu et al., 1980). From co-
located measurements of scintillations and VHF
and Cilz and of high resolution fn-situ data, Basa
et al. (19Y81) have found that duriay coariy
evening hours very sharp densicty pradicents within
large scale depletions are associated with VHF
and GHz scintillations. The role of sharp den-
sity structures in causing GHz scintillations has
been discussed by Wernik et al. (1980). 1In the
late phase, when the GHz scintillation is absent,
with the VHF channel still exhibiting saturation,
the sharpness of the small scale structures in-
side the large scale density depletions is
diminished. More or less similar behavior of VHF
and CHz scintillations as well as electron con-
tent depletions during pre-midnight hours is
along the expected lines. The continuation of
VHF scintillations and depletions beyond mid-
night is due to the longer lifetimes of the
larger scale irregularities. The occurrences of
VHF scintillations near the pre-sunrise period
may be related to weaker irregularities in a
number of magnetic field tubes intercepted by the
oblique satellite ray path. Observation of ioni-
zation depletions smaller than & 1 x 10°% el/m*
is, however, not possible due to the limited sen-
sitivity of the Faraday rotation technique near
the magnetic equator.

The asymmetry of the seasonal dependence of
scintillations as well as electron content de-
pletions, between the two equinoxes during solar
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Figure 3. Monthly percentage occurrence contours
of scintillations at 257 MHz (SI 2 20 dB) ob-
served at Huancayo.
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maximum conditions, has not been previously re-

ported.  An asymmetry .n tiae equinoctial cicctron
content values have been reported from a nunber
ot mid-latitude station, in both northern and

southern hemispheres for high golar activitvy con-
ditions (Titheridge, 1973; Essex, 1977). The
higher electron content values have been sug-
gested to be caused by a change in the global
circulation pattern or by a change in the verti-
cal drift pattern (Titheridge, 1973). It may be
noted¢ that no such observation has yet been re-
ported from equatorial stations, where electro-
dynanric drift plays the dominating role. Obser-
vations on the behavicr of equinoctial electron
content and detailed statistics of electron con-
tent perturbations associated with scintilla-
tions in the equatorial region will be published
elsewhere.

In the last two years, high levels of ampli-
tude scintillatjions at microwave frequencies
(> 20 dB at 1.54 GHz) have frequently been ob-
served at locations like Ascension Island situ-
ated near the crest of the Appleton anomaly
(Aarons et al., 1981). The Faraday rotation
records at VHF often exhibit fast polarization
fluctuations, induced by depolarization effect
due to scattering from power-law type irregulari-
ties (Lee et al., 1982), when intense amplitude
scintillations are observed. The long term be~
havior of these fluctuations and associated
scintillations, particularly for high solar acti-
vity conditions, are yet to be estatlisted. Al-
though such intense microwave scintillations and
fast polarization fluctuations are not encounter-
ed at Huancayo and Arequipa, it would be inter~
esting to compare the present results with those
at stations like Ascension Island.

Acknowledgment. We thank Sunanda Basu for
many helpful comments.
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VHF amplitude scintillations and associated electron content depletions
as observed at Arequipa, Peru
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Abstract— Results of observations on occurrences and behavior of 137 MHz VHF amplitude scintillations
and associated ionosphenic clectron content depletions obtained at Arequipa, Peru (16.4°S, 71.5"W, geogr. ;
9'S dip) during the recent solar maximum period [979-1950 are presented. The seasonal vanation of
scintillations shows the usual deep minimum during May-July and a prominent maximum in December, when
scintillations also persist for a long penod of ime, sometimes even beyond sunrise. lonospheric irregularities
have been found to occur in distinct patches whose extent varies with season. During the December solstice the
average VHF scintillation patch duration is about 6 h, while numerous patches of much shorter duration are
observed 1n equinoctial months. The depletions 1in the hoight integrated ionospheric electron content
assoctated with scintillations have a typical durauon of 10-15 min and amplitude less than 5 x 10'% el m ~2,
althoughdepletions with an amplitude as large as 20 x 10'* ¢l m ™ * and with aduration of more than 30 min are
sometimes encountered. The pre-midnight amplitude scintillations and associated electron content depletions
could be identified with range type spread-F. as established carlier, while the association of post-midnight
VHEF scintillations with frequency type spread-F is found 1o be a special feature observed during years of very
high solar activity. The seasonal dependence of irregularity patch dimensions 1s examined in terms of
variations of drifts in the post-sunset equatonial ionosphere.

L INTRODUCTION

Since the launching of the first aruficial saellite,
measurement of amplitude scintilations of trans-
ionospheric signals has been one of the most widely
used techniques for studying ionospheric irrcgularities.
From the point of view of occurrence and nature, it is
now well established that the irregulantics in the
equatorial region. covering about + 15 of ltitude
around the magnetic equator. have some delinmite
characteristics. They are found to bhe embedded in
cloudlike patches having an cast west extent in the
range of tens to hundreds of kilometers and a magnetic
lield-aligned north south dimension ol a few thousand
kilometers. Coordinated measurements with other
techniques, such as in suu, radar backscatter and
airglow, have shown that the patches are regions of
depleted ionization (Basu and Basu, 1981 and
references therein). The depletions may oceur over a
considerable  height range and someumes  have
amplitudes as large as orders of magnitude of the
ambicnt jonization level (McCLure: e al., 1977). Such
intense depletions should have their signatures on the
height integrated ionospheric total clectron content
(TEC) Yrepoan-Avankwaii and Kosier  (1972)

"NRC/NAS Senior Resident Research Associate on leave
from the Universaty of Calcutia, India.
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reported large changes of the Faraday rotation angle of
the received transionospheric signal associated with
amplitude scintillations at Legon, Ghana. KAUSHIKA
and DE MENDONCA (1974) reported a similar
phenomenon from Sdo Paulo, Brazil but they had no
simultaneous amplitude records. Only recently, it has
been definitely shown that simultaneous measurements
of amplitude scintillations and Faraday rotation of a
lincarly polanzed transtonospheric signal can be used
for investigations of equatorial TEC depletions,
frequently referred to as *bubbles’. in a very simple and
imexpensive manner {KLOBUCHAR et al., 1978 YEH ¢t
al., 1979a).

I'he usc of the above technique is, however, limited o
certain locations within the equatorial irregularity belt.
1t s difficult to detecet the presence of bubbles in the
Faraday rotation records obtained at equatorial
stations like Huancayo and Legon, which are situated
virtually on the magnetic cquator. Close to the
magnetic equator, because of near-transverse propa-
gation and the low value of the so-called M-factor
(Y and Gonzaves, 1960), only very large amplitude
depletions could be observed. On the other hand, at
focations near the crests of the equatorial anomaly,
VHI ~araday rotation records often exhibit fast and
mtense fluctuations during periods of amplitude
scintiliations  (KroBucHAR  and  AARONS, 1980
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DaAsGurTta and MAITRA, 1980) and the fluctuations are
often too fast and intense to render the data useful ; at
times even the concept of Faraday rotation is not valid,

show that the March equinox of 1980 was characterized
by an unusually strong equatorial scintillation activity
(DASGuUPTA ¢t al.. 1982). This difference in pattern is in
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due to a depolarization effect caused by scattering from
small-scale power law type density irregularities (LEE et
al., 1982). Because of the above two reasons, stations
situated off the magnetic equator but not near the
anomaly crests, such as Natal in Brazil and Arequipa in
Peru, with a magnetic dip of about 10° and a
propagation angle sufficiently different from the
quasitransverse case offer a compromise. The purpose
of this paper is to present results of observations on
scintillations and associated depletions in total
ionization obtained at Arequipa, Peru, which s located
in between the magnetic equator and the Appleton

all likelihood related to the overall strength of the
irregularities, the equinoxes probably having more
intense irregularities than the solstices. Figure | shows
the percentage occurrence contours of VHF scintl-
lations(S1 > 6 dB)at Arequipa. Althoughalevelof 6dB
has been selected in this case, the occurrence pattern
remains more or less unchanged even for saturated
scintillations ( ~ 20 dB). Scintillation at VHF has been
found to be commonly saturated when it occurs,
excepting some infrequent cases around sunrise. Since
the F-region dynamics are controlled to a large extent
by the E-region electric field, the 110 km sunset and

suurise times at the subionospheric location arc also
shown in the figure. It is observed that the occurrence

anomaly crest in the American longitude sector. The
emphasis is on a systematic study of morphology of

aa,

\
:‘{ irregularity patches and clectron content depletions around December is not only the highest but also
! ;b and their dependence on season. It should be pointed  persists for longer periods during the night, sometimes
A out that, because of a considerable longitudinal even beyond sunrise. On the other hand, during the
i variation, some results and conclusions presented in  equinoxes scintillation is mainly a pre-midnight
., this paper may not apply to other longitudes. phenomenon. There are remarkable differences also, as
: '_:.4 we shall discuss later. in some of the related parameters
*,:j between the solstice and equinoxes.
:-}_: % DATA 3.2. Irregularity patches
§ A polarimeter recording the amplitude and Faraday Equatorial irregularities usually occur in field-
{ rotation angle of the 137 MHz VHF signal from the ,jioned cloudlike patches, having both north-south as
A satellite ATS-3 has been in operation at ATequipa i a5 east-west extents. The patches may be either
L (164°8, 71.5°W, geogr.; 9°S dip), Peru since March  g;screte or overlapping and, when developed, they drift
o 1979. The subtonosp:lenc point at 400 kmohelght from west to east. The east-west drilt velocity ranges
.-:‘_: corrwgonds to (145 S: 14.6°W, geogr.; 2.5°S d'P) from 30to 300 ms "', with anaverage of 100~150ms !
o approximately. The period of observation covered in  (woopman, 1972; Basu et al., 1977; YeH et al., 1981).
this paper is May 1979-May 1980. Thedatapertaintoa  gqyming a typical value of drift velocity an idea about
oy very high level of solar activity around the recent solar ;... east-west spatial dimension can be obtained from
:;‘: maximum period. The average monthly Zurich (onp0ra) observations with geostationary satellites.
k" -, sunspot number for the reporting pgrlod was 163, with  prom observations with geostationary as well as
'y the highest value of 188.4 observed in September 1979, piging satellite beacons and airglow measurements, it
'_,..'*- has been found that the equatorial ircegularity patches
> 3. RESULTS become more discrete with decreasing east-west
- . dimensions as one moves away from the equator
o 3.1. Morphology of scintillations (SINCLAIR and KELLEHER, 1969; BHAR et al., 1970:
3::: . The diurnal and seasonal variations of scintillations  WEeBER et al., 1980 ; AARONS et al., 1980). AARONS et al.
o in the equatorial region are now well established, at  (1980) discussed in detail the nature and behavior of
.r: least in the American and African sectors. The seasonal  irregularity patches at two locations, one near the
I dependence of VHF amplitude scintillations is magnetic equator and the other near the Appieton
t“ characterized by a deep minimum in the May-July anomaly crest, based on data for one year. However,
= period and a broad maximum from October to April.  AARONS et al. (1980) made no attempt to obtain a
-, However, ifthefrequency of the signalisinthegigahertz  seasonal dependence of the patch characteristics. It is
:; . band, such as the 1.54 GHz Marisat observations from  apparent [rom carlier observations that the patch
'..- Huancayo, the broad maximum breaks up into two  dimensions may vary with season. We will present here
.f}; equinoctial maxima (Basu et al., 1980; DASGuPTA et the seasonal dependence of the east-west extent of
i al., 1982). Observations at different frequencies, in the  irregularity patches at Arequipa.
| ] VHF to L-band range, at Huancayo during 1979-1980 Scintillations as observed at Arequipa at 137 MHz
-
fl
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.-‘.,-' Fig. 1. Percentage occurrence contours of scintillation (SI > 6dB)at 137 MHz. The 110 km sunset and sunrise
r times at the 400 km subionospheric location are also shown.
ES -, occur in patches reaching saturation within a couple of -
M minutes of onset. During the pre-midnight hours the 1oor 2 2
AL decay of scintillations is also generally abrupt. In the =
o y p
-:,-\4 post-midnight periods, however, the decay is often g 80
\:: gradual, with fading rates becoming considerably 2 2
=y slower. As a function of season, there is a remarkable 5 —
. difference in the cast -west horizontal cxtents of the o
DA patches. During the equinoxcs the scintillation patches §
Tete! are numerous with short periods of tens of minutes 2

of scintillations intersperscd with absolutely quiet
) intervals. On the other hand, the December solstice
- months are characterized by scintillations for extended
periods lasting several hours during a single night.
Figure 2(a) shows the monthly occurrence of the total
number of patches along with the total hours of
scintillations, indicated by the numbers at the top of the 1979 1980
bars. On average, the December patch has a duration of
about 6 h, while in September it is about 1 h. Assuming
aneast-west drift speed of 100 m s . these correspond

Fig. 2a). Occurrence of VHF scintillation patches as a
function of months. The numbers at the top of the bars are the
corresponding total hours of scintillations.
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Fig. 2(b). Histograms showing the distribution of patch duration for diflerent seasons.

to about 2000 and 350 km, respectively. If the apparent
drift velocity varies with season and local time, the
above estimates should be modified uccordingly.
During the two equatorial irregularity campaigns in
March 1977 and 1978 in the American scctor, it has
been observed that, with a higher solar activity, the
apparent drift velocity of the irregularities increases
and persists for a longer period into the post-midnight
hours(BAsu, private communication. [982), Further, as
the satellite look angle in the present case is off-zenith
and off-meridian (elevation 43" and azimuth 302 ) the
ray path may, however, encounter irregularities in a
number of field tubes (i.c. more than one patch) and an
individual patch may actually have dimensions less

19

than that indicaled by the observed duration of
scintillations. Figure 2(b) shows the distribution of a
seintitfation patch duration for  different  scasons,
tollowing the categorization in AARONS ¢t al. (1980).
The enormously longer duration in the December
solstice is also obvious in this diagram.

3.3. lonospheric clectron content depletion

Yei et al. (1979b) have described the characteristics,
such as amplitude and duration, of the electron content
depletions associated with scintillations obtained at
Natal for a period of about one month only From
Arequipa the diurnal and seasonal behavior of the TEC
depletions covering a one yeiar penod around the recent
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solar activity maximum have recently been reported
(DasGurrTa er al., 1982). Both at Natal and Arequipa
the depletions have been found to occur essentially
during the pre-midnight hours. The seasonal pattern at
Arequipa is similar to that of the 1.54 GHz microwave
scintillations observed at the nearby equatorial station
Huancayo. At Natal YeH et al. (1979b) observed that
the electron content depletions have a typical duration
of 8~10 min and amplitude of 1 4 TEC units t! TFC
unit = 1 x 10*%elm 2.

Two interesting features have been noted duning
examination of amplitude scintillation and Faradav
polarization records simultaneously. The presence ot
the depletions is always accompanied with a very fast
amplitude scintillation fading rate. as has been reported
by YEH et al. (1979b). Frequently, particularly dunng
the pre-midnight period there may be a senies of bubbles
occurring within a single scintillation patch. Figure 3
shows a section of a polarimeter record with 4 number
of electron content depletions within a single 137 MH:.
VHF scintillation patch. It may be observed that the
amplitude fading rate is very high, as indicated by the
smudged trace, and the amplitude scintillation is
limited by the response time of the system.

Figure 4(a) shows the occurrences of electron content
depletions with amplitude 1 TEC unit or more as a

180
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Fig. 4a). Occurrence of clectron content depletions as i
function of months

function of individual months. An accurate obsery-
ation of « smaller depletion ampiitude 1s difticult due to
the imited sensinvity of the polanumeter records near
the magnetic cquator Tt s found that the depletion
occurreree has o mavuma dunng the equinocnal
months. the March cqumox having 3 much higher
number than September As mentioned carhier, the
Muarchequinouis characterized by an unusually strong
equatonal santiifation activity asotDasGiovTa er ai .
FORZE N compansan with Figs | and 2 indicates that
during the December solstice continuoas santdlattons
4t VHE mas he present for several hours with
practicatly ne deted table depletions On the contrary,
the equ noctiat momhs are charactenized by narrower
discret. patches with conaiderabie integrated oniz-
atton depletions brgures dibe «di show the nature of
clectron content depletions observed at Arequipa in
different seasony B evidunt that the maonty of
depletions have an amphitude of less than S TEC units
and the most probable durationis 1O FSmin However,
there are occasions when depletions of amplitude as
large as 20 TFC units and with a duration of 30 min or
more are encountered s alvo observed that there i
practically no seasonal dependence of depletion
amplitude and duration . Interms of ambientionization
level thereis anindication that the percentage depletion
s shightly higher 1n December than that in the
equinoxes. No definite refationship between depietion
amplitude and duration could be estabhshed.

More recently, TyaGt er ol (19K2) reported
observations on changes in 1onospheric c¢lectron
content associated with amphitude scantillations
obtained at Natal, Brazil during the one year peniod
from September 1978 to August 1979. A portion ol their
observing period overlaps that of the present study. A
prominent nighttime secondary diurnal peak during
the equinoxes, similar to that observed by Tvadi ¢t al.
(1982), occurs at Arequipa. The average amplitude and
duration of the TEC depletions are nearly the same at
both Natal and Arequipa. Howéver, in contrast to their
observations, we did not find any systematic change in
the average signal amphtude during periods of strong
scintillations and TEC changes. Also, we found no
TEC enhancements assoctated with scintillations. We
belicve that the increases in TEC dunng periods of
slower amplitude scintifiation fading do not occur, and
those reported for Natal, Brazil by TyaGiet al. (1982), as
they say, “may be affected by the subjective approach™.
The TEC depletions and enhancements should be
determined in the context of the overall background
TEC variations during the night, as shown in Fig. 3 of
Tradt et ul. (1982). The length of the sample record of
their Fig. 5, in which they purport to show TEC
depletions as well as enhancement accompanving
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scintillation during a 45 mininterval, is notlongenough
for an independent judgement of their definition of
enhancement. We prefer to believe that the entire
period had depleted TEC values, with greater
depletions occurring during periods of faster amplitude
scintillations. The sample enhancement record pre-
sented in their Fig. 6 does not show any accompanying
amplitude channel, nor is the record long enough to
show the longer term background TEC changes during
that night. Other techniques, such as the rocket and
satellite in situ measurements (MCCLURE ef al., 1977)
and radar measurements (Tsunopa, 1980) have not
detected any density enhancement rclative to the
background. Theoretical studies (Hupson, 1978;
Szuszcziwicz, 1978) also indicate why TEC
enhancements are unlikely to occur,

4. DISCUSSION

The results presented in this paper cover the
morphology of scintillations at VHF observed at
Arequipa around the recent solar maximum. The
regular featurcs of scintillations, such as the diurnal,
seasonal and geomagnetic control, are similar to those
already established at Huancayo. The higher scintil-
lation occurrence at VHF during the December solstice
is in contrast to the equinoctial seasonal maxtma at
1.54 GHz and may be due to the seasonal dependence

of the overall strength of equatorial irregularities. VHF
amplitude scintillation at 137 MHz is caused by
irregularities of scale size of about ! km, while
microwave scintillation at 1.54 GHz is due to
irregularities of a few hundred meters scale size (about
450 m in the present case), corresponding to their
respective Fresnel dimensions. During the equinoxes
the equatorial irregularities may be intense and the
irregularities over the scale size range of a few hundred
meters to a few kilometers may be strong enough to
causc scintillations at VHF as well as microwaves. In
the December solstice, with a relatively weaker overall
level, the kilometer scale irregularities may still have
sufficient strength to cause scintillations at VHE but the
smaller scales will have little power spectral density to
affect the microwaves.

The difference in the diurnal and scasonal behavior
of electron content depletions and VHE amplitude
scintitlation occurrences may be related to the strength
of the irregularities and the type of associated spread- I,
Electroncontent deplietions at Arequipaand amplitude
scintillations in the L-band at the nearby equatorial
staton at Huancayo have been found to have
pronounced maxima during pre-midnight hours of the
equinoxes (DASGuPTA et al., 1982). The cffect is not so
pronounced at a lower frequency of 257 MHz, while at
137 MHz the seasonal variation of scintillation occur-
rence has a maximum in the December solstice, with
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considerable occurrences during the post-midnight
period. During the December solstice 137 MHz
amplitude scintillation patches of several hours
duration are obtained without detectable electron
content depletions. LIVINGSTON (1980) also observed a
systematic difference in the occurrence statistics of
equatorial VHF and L-band scintillations.

RasTtoGt (1980a) has observed that during solar
maximum years range type spread-F occurrence at
Huancayo has its maximum during the pre-midnight
hours of equinoctial months, while frequency type
spread-F maximum occurs around midnight hours of
the December solstice. Il the electron content
depletions are taken as indications of large amplitude
irregularities extended over a certain height range, a
corrugation in the spatial distribution of the F-region
electron density may be visualized. Such a configur-
ation will give rise to range spread echoes with multiple
traces on ionograms during the pre-midnight hours, in
association with electron content depletions and
microwave scintillations. On the other hand, relatively
weak and thin irregularity layers, manifested in the
form of frequency type spread-F, may cause moderate

A. DasGurTA et al.

to intense scintillations at VHF with no signatures on
electron content or microwave signal amplitude.

For the period under investigation, the occurrence of
spread-F as indicated by the parameter F in the scaled
values of foF2 at Huancayo shows a pattern similar to
that of VHF scintillations. An actual examination of the
Huancayo ionosonde data for December 1979 shows
that the spread-F during its onset phase in the post-
sunset hours is of range type. In the course of a couple of
hours, there is a transformation to the frequency tvpe.
During the post-midnight hours the spread- F is mainly
of frequency type and quite a few cases of intense, even
saturated, scintiliations at VHF could be identified
with frequency type spread-F. Figure 5 shows the
hourly occurrence patterns of the two types of spread-F
and 137 MHz amplitude scintillations during
December 1979. It is evident that during the post-
midnight hours the spread-F is essentially of frequency
type and the VHF scintillations generally follow the
occurrence pattern of the above. RasToGI (1980b) and
RasTOGI and AARONS (1980) observed that strong VHF
scintillations are generally associated with range type
spread-F, while during frequency spread VHF

DECEMBER 1979
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Fig. S Oceurrences of range and frequency types of spread-F at Huancaye and 137 MHz santillations at

Arcquipa during December 1979,
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scintillations were practically absent. The above
features were obtained during solar minimum
conditions, when the F-region ambient ionization was
low. The present results pertain to a period
characterized by an unusually high level of solar
activity, and, as a consequence, a much higher value of
F-region ionization. A higher ambient ionization will
result in a larger electron density deviation of the
irregularities, for the same percentage deviation. A
typical foF2 value of 7 MHz with a frequency spread
(Af) = 0.5 MHz corresponds to a density deviation
An = n(2Af)/ foF2 = 8.5x 10'° el m™> (WRIGHT et
al., 1977). For the above value of An, the level of ampli-
tude scintillation may be estimated provided the form
of the irregularity spectrum is known (RUFENACH,
1975). With in situ measurements, the irregularity
waveform encountered during the post-midnight
period in the presence of frequency spread on
ionograms is found to be sinusoidal with scale length
~1 km (McCLURE, private communication, 1982),
leading to a Gaussian form of irregularity spectrum. If
we assume that the irregularities with the above value of
An are distributed over a layer thickness of 25 km
(which may generally be considered to be a thin layer),
then they can give rise to near-saturated scintillations at
137 MHz. Thus, moderate to intense levels of
scintillations at VHF may be observed with frequency
spread under very high levels of solar activity, in
contrast to the cases reported for solar minimum years.

The seasonal dependence of east-west dimensions of
the irregularity patches has not been reported before.
This paper clearly establishes that the equinoctial
patches are more in number but with narrower east-
west extent, compared to the much wider patches
during the December solstice. The above leature
together with the observed seasonal dependence of
electron content depletion and microwave scintillation
occurrences, with maxima during the equinoxes.
indicates that the irregularities corresponding to the
equinoctial and Dccember solstice months belong to

different classes and also possibly to different initiating
mechanisms. Atmospheric gravity waves have been
suggested to be the most likely sced mechanism for the
generation of equatorial  F-region irregulanties
(ROTTGER, 1978 ; BOoKER, 1979). However. the scasonal
dependence of gravity wave characteristics in the
cequatorial region is yet to be reported. The pertod of a
gravity wave effect is a function of the difference
between the zonal thermospheric wind and plasma drift
velocities (KELLEY et al., 1981). If the above difference is
dependent on season, with the two velocities differing
significantly in equinoxes, the equinoctial irregularity
patches should be numerous with narrower east-west
extents.

Further, the dynamical behavior of the equatorial F-
region ionosphere is largely controlled by the E-region
electric field. The magnitude and the time of pre-
reversal enhancement of the F-region E x B vertical
drift around the sunset time have a strong seasonal
dependence. From Jicamarca radar observations. it has
been established that, around solar maximum years,
the difference between the drift reversal time and the
E-region sunset is maximum during the December
solstice months (Fesrr et al, 1979). In addition,
although there is considerable day-to-day variability,
an examination of the above data also shows that the
width of the pre-reversal peak of vertical drift is greater
in December than in other seasons. A broader peak of
upward dnft might result in a perturbation of large
horizontal scale, in a process analogous to the tidal
wave modes in the upper atmosphere. ABpu et al. (1981)
have also rccently reported that the occurrence of
frequency type spread-F on ionograms may be
associated with a broader pre-reversal peak of the E x B
drift.
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Microwave equaiorial scintillation intensity during solar maximum
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A comparnison of scintillation levels at 1.5 GHz made from the Appleton anomaly region of
the magnetic equator and from the region close to the magneuc equator (termed the electrojet
latitudes) showed increased F region irregularity intensity over the anomaly region during years
of high sunspot number. Peak to peak fading greater than 27 dB was noted from Ascension Island
(through a dip latitude of 17°) in the anomaly region while only 7-9 dB from Natal. Brazil, and
Huancayo. Peru, were noted. the last two paths being close to the magnetic equator. The hypothests
advanced is that the dominant factor responsible for the intense gigahertz scinuliation is the wraversal
of the propagation path through the anomaly region. During years of high sunspot numbers the
high levels of AN constituting the F region irregularity structure are due to (1) very high electron
density in the anomaly region (compared to the electrojet region) and (2) the late appearance of
these high electron densities (1o 2200 local time) in the anomaly region. The patches or plumes
of irregularities seen in the postsunset time period then produce high AN scintillation excursions
are proportional to this parameter. The postulation of vertical irregularity sheets in the patches
was examined to determine the possibility of this being an important factor in the difference between
electrojet and anomaly scintillation levels. Older gigahertz data from the sunspot maximum years
1969-1970 were reanalyzed. and more recent observations from other studies were also reviewed.
It was found that through the anomaly region, high scintillation indices were noted at a variety
of azimuths of the propagation path rather than just along a path closely aligned with the magaetic
meridian. A more complete evaluation of the geometrical factor, which must be of considerable
importance in determining the absolute value of the scintillation intensity, awaits further observations.

INTRODUCTION

In recent years a variety of methods have been
used to probe and measure F layer irregularities
in the equatorial region [Aarons, 1977, Basu and
Kelley, 1979]. One method is to record transiono-
spheric scintillation of satellite signals in the VHF
to microwave frequency range.

This paper will contrast levels of scintillation
activity at L band (1541 MHz in this case) which
were relatively low when a satellite beacon was
observed through latitudes close to the magnetic
equator (Natal, Brazil, and Huancayo, Peru) and
very high when the same satellite beacon was
observed nearly overhead at Ascension Island
through a region near the peak of the equatorial
anomaly. The diffcrences in scintillation intensity
was recorded during the peak of solar activity in

Copyright © 1981 by the Amenican Geophysical Union
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1979 and 1980. The equatorial or Appleton anomaly
shows during noontime a distinct trough of electron
density in the bottomside and topside ionosphere
at the magnetic dip equator with crests of ionization
at ~15°-20° north and south dip latitudes. We shall
discuss later that the F region ionization near
Ascension Island exhibits a latitudinal variation
similar to the daytime Appleton anomaly in the
postsunset hours during the solar maximum period.

Measurements. The Air Force Geophysics Lab-
oratory, in cooperation with various groups, records
scintillation activity of the MARISAT beacon,
transmitting at UHF (257 MHz) and at L band (1541
MHz) at three sites near the magnetic equator. The
sites are listed in Table | along with the coordinates
of the 400-km subionospheric intersection point,
the dip latitude of this point, and the propagation
angle (i.e., the angle between the path to the satellite
and the lines of force of the earth’s magnetic field)
and the ground elevation and azimuth angles of

The U.S. Government Is authorlzed to reprod.ocs and sell this report.
Permission for further reproduction by others must be obtained from

the copyright owner.




940 AARONS, WHITNEY, MACKENZIE., AND RASTI

TABLL 1. Geometry ol primary observations
Elevauon Azimuth Propagation 400-km subionospheric Approximate
Station angle angle angle latitude longitude dip latitude
Huancayo, Peru 20° 83° 85° 11°8S 68.5°W 2.5°N
Natal, Brazil 65° 75° 84° 5.6°S 33.7°W 5.5°S
Ascension Island 80° 356° 52° 7.4°S 14.4°W 17°S
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the path to the satellite. Figure 1 is a map with
geographic latitudes and dip latitudes plotted. This
tracing was taken from the Defense Mapping
Agency map of the 1975 epoch of magnetic inclina-
tion. The isoclinic lines are the results of a spherical
harmonic analysis to degree and order 12.

Magnetic equator observations. In a recent
paper, Basu et al. [1980a] have analyzed the L
band observations made from Huancayo, Peru.
Data have been taken at this site over a period
of 3 years. During that time no fluctuation greater
than 8 dB peak to peak was recorded. In the month
of December 1979, a period of intensive and com-
mon measurements at the three sites being contrast-
ed in this paper, scintillation activity maximum was
6.8 dB at Huancayo. Viewing of MARISAT from
this site was done almost perpendicular to the field
lines, that is, at an azimuth of 83° through a dip
latitude of 2.5°N, as shown in Table 1.

Similar observations have been made recently
at Natal, Brazil, in cooperation with the Federal
University of the Northern Rio Grande. This site
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Fig. |. Map of equatonal region n the 0°-70°W longitude
region using the 1975 epoch of the Detense Mapping Agency
magnetic inclination map for magnetic parameters

viewed MARISAT at 65°, a higher zievation angle
than that of the Huancayo observations. The view-
ing of the satellite was also across the ficld lines,
that is, at an azimuth of 75° Scintillations greater
than 8 dB were not detected during the December
period.

In December 1979 a 10-ft (~3-m) antenna was
put into operation at Ascension Island for both L
band and UHF. Over several hours on many nights
some scintillations exceeded 27 dB peak to peak
(Figure 2) at 1541 MHz. These fades reached the
noise level of the equipment. Calibrated and consis-
tent measurements have been made since that time
which show hours of such intense activity during
the December-March period. Figure 3 gives the
percentage of occurrence of scintillation activity
at 1541 MHz greater than 20 dB for Kp = 0-3
and Kp = 3+ to 9 during January-February 1980.
The highest percentage of occurrence of >20 dB
for Kp = 0-3 was ~42% with ~23% for Kp =
3+ to 9. It might be noted that in accord with
Aarons et al. [1980b]) during these months, in-
creased magnetic activity inhibits scintillation.
Ascension Island was viewing MARISAT close to
the magnetic meridian plane at an elevation of 80°
during these observations.

Statistics of the L band scintillations observed
at Huancayo, during February-March 1980, show
a 16% occurrence of scintillation of >3 dB in the
time period 0000-0400 UT (~1900-2300 LT) with
no scintillation of >6.8 dB even during those times.
The data are clear; that is, for Ascension the
scintillation activity is considerably higher than for
the two sites near the magnetic equator during the
same periods of time. While the intersection longi-
tudes of Ascension and Natal are somewhat
separated, they are, by global standards, quite close
and are expected to behave according to the pattern
of their longitudinal sector [Aarons et al., 1980b].

Although the data contrasts are clear, a problem
exists in interpreting the observations; the Ascen-
ston Isiand observations were taken with the propa-
gation path near the magnetic meridian, while those
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> at Natal and Huancayo were not. However, the  producing the scintillations. If a 10:10: 1 irregularity '
Ascension Island 400-km intersection is in the model of vertical sheets is assumed (10 magnetic
‘\-'f anomaly region (a dip latitude of 17°), while the  N-S, 10 vertical in the magnetic meridian plane,

' Natal and Huancayo intersections are close to the and | unit magnetic E-W), then a pronounced b

. magnetic equator. In this paper we shall attempt  maximum will result from pure geometrical consid-

:{ to weigh the relative importance of these two erations for observations made along the magnetic -
,'; factors. meridian (S. Basu, private communication, 1980). -
'z, This effect will enhance or minimize the amplitude i
' THE IRREGULARITY STRUCTURE scintillation value depending on the magnetic azi- ¥

AND ITS GEOMETRY muth of the ray path. The postulation of vertical e
{ The configuration of the patch containing the sheets has been based on the correlation lengths r

" small-scale irregularities which has emerged from of plasma bubbles in the vertical direction obtained
X optical and radio measurements and from in situ DY Rumerical simulation techniques [Zalesak and -

. probing is that of an elongated structure extending ~ OSakow. 1980} . _ -
o several thousand kilometers north and south of the Using the basic formulation of a program devel- -

magnetic equator [Weber et al., 1980; Aarons et  OPed by Mikkelsen et al. [1978] for high-latitude :
al., 1980a; Basu et al., 1980b] . irregularity enhancement due to geometry, the scin- »

-J' Within the highly elongated patch it is possible ullanoq intensity (S,) for the propagation .path from -

. to contemplate various models for the irregularities ~ Ascension for a vertical sheet (10:10:1) is a factor \

‘ of 0.98 relative to observations made immediately K

.- overhead of the station. The factor for the same )
‘sji';’_'"‘:"’l;::" postulated configuration using the geometry appro- g

1541 MMz e Ke0-3 priate to Natal is 0.14 (an increase of S, ASC/S,
) @ 6 —— K-3'-9 NATAL of 7). Therefore the 10:10:1 sheets might B

. o account for a large portion of the ratio of Ascension X
: u v AN to Natal levels. The geometrical situation for Huan- .

- ] . L. .

~ SE ! \ cayo is very similar to that for Natal. .
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Fig. 4. Plot of mean Zurich sunspot numbers from 1944 10 1980.

frequencies with the morphological studies made,
since both strong scattering and saturation of the
signal-to-noise levels of the equipment took place
frequently. Therefore in order to assess the role
of high sunspot number, we shall confine our
remarks to frequencies above | GHz including data
at 2.2-4 GHz where signals are not saturated. that
is, do not show fading down to noise. It might
be noted that peak to peak fading of 3 dB at 4
GHz is equivalent to fading of 18 dB at 1.5 GHz
if a frequency dependence of f ' * holds [ Whirney,
1974} . This conversion is applicable to weak scat-
tering, which, admittedly, may not be involved here.

Fang et al. [1978] states that ‘Gigahertz iono-
spheric scintillations follow the sunspot cycle. For
years with sunspot number less than 30, scintilla-
tions at 4 GHz with magnitudes over 2 dB were
never observed at INTELSAT earth stations.’ For
the purposes of relating various measurements we
have plotted sunspot number in Figure 4 for recent
years.

For the sake of outlining our hypothesis we have
divided the equatorial region into ‘electrojet’ lati-
tudes and ‘anomaly’ latitudes. Electrojet latitudes
are taken to be in the range of 5°N to 5°S magnetic
dip latitude, while anomaly latitudes are on either
side of the electrojet latitudes, falling off beyond
15°-20° dip latitude. Anomaly peaks may be rela-
tively narrow in latitude. The hypothesis advanced
for higher scintillation levels in the anomaly latitudes
during this period of high sunspot number is that
electron density levels and time of maximum elec-
tron density at these latitudes primanly account
for the greater scintillation intensities at Ascension
than at Natal or Huancayo. It is believed that the
differences in intensity are related to the following:

GEOGRAPHIC LATITUDE

— N e
00 02 04 06 08 0 12 14 16 18 20 22 24
LMY
EUROPE - AFRICA SECTOR
LOW SUNSPOT NUMBER
DECEMBER

Fig. 5. Map of MUF (3000) F, (December) in Europe-Afnca
zone derived from observations during years of low solar flux
{Rawer. 1963} .

(1) the equatorial anomaly produces higher electron
density values in high sunspot number years than
in years of low solar activity and (2) the occurrence
of maximum electron density for anomaly latitudes
is near sunset in the years of high sunspot number
and in the afternoon in years of low solar activity.

Toillustrate these two points, we have reproduced
diagrams from Rawer [1963] for MUF (3000) F,
in the Europe-Africa zone for the month of De-
cember for years of low sunspot number (Figure
5) and for years of high sunspot number (Figure
6). These contour maps are derived from observa-
tions rather than a model. They indicate that during
years of high sunspot number the peak of the MUF
(3000) F, in the southern hemisphere is 36 MHz
and that in low sunspot years the peak is 28 MHz.
The time of peak MUF is 1800-2200 LT during
high sunspot number years and 1300-1700 LT during
low solar activity years. MUF 3000 (F,) is related
to foF,. Ascension Island belongs between the
American sector and the Europe-Africa sector, but
the ionuspheric path to the satellite is through the
Appleton anomaly.

Observations of total electron content were taken
at Ascension Island by J. A. Klobuchar (private
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Fig. 6. Map of MUF (3000) F, (December) in Europe-Africa
zone derived from observations during years of high solar flux
[Rawer, 1963].

communication, 1980) during the December 1979
to February 1980 time period. The propagation path
(to the satellite, SIRIO) corresponded almost exact-
ly with that to MARISAT. Two maxima were seen
during the months examined, one at 1830 LT and
the second at 2100-2200 LT, corresponding well
with the times of maxima given in Figure 6.

During the December period, observations were
made with AE-E using the retarding potential ana-
lyzer (W. B. Hanson, private communication. 1980).
The value of N was greater by an order of magnitude
in the anomaly region than near the magnetic
equator. The ratio (AN / N) was of the same order
of magnitude in both regions. Scintillation intensity,
which is proportional to AN, would then be expected
to be greater in the anomaly region.

EARLIER OBSERVATIONS

Since the Ascension [sland data could not resolve
the question of the importance of the geometrical
versus the latitudinal variables, it was thought
worthwhile to reexamine older data (o try to resolve
the question.

Between November 1969 and June 1970, when
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a high sunspot number of ~120 was reported,
observations were made of an § band (2.2 GHz)
transponder on the moon [Christiansen. 1971] from
Ascension Island with both earth- and moon-based
signals in this frequency range. Scintillations as large
as 20 and 25 dB on the two-way path, ground to
transponder and return, were noted. In addition,
Canary Island observations from high dip latitudes
on the other side of the magnetic equator were
also disturbed. Guam observations (at a different
longitude) showed shorter periods of lower-intensity
scintillations during this time. No other stations
on the magnetic equator made observations.

In order to utilize the Christiansen data to their
maximum extent, they were reanalyzed to determine
if high scintillation levels were predominantly a
function of azimuth (the vertical sheet model pre-
dicts maximum index at an azimuth of ~340°) or
if high levels were noted at all azimuths of the
moon’s path as observed from Ascension Island.
Figure 7 is a plot of azimuths when scintillation
was greater than 10 dB for the 2200-MHz two-way
path. Approximately 45 days of data were available.

The results are fairly conclusive. High-intensity
scintillation occurs at all azimuths. The levels of
scintillation were high at many azimuths (elevation
angles were greater than 25° in all of the data
illustrated).

Similar results were noted for the Canary Island
observations of 2.2-GHz signals. Fewer data are
available, but scintillations to 25 dB were recorded
at a variety of azimuths. While the data point to

AZIMUTH (*)

-90 -7% -60 -45 -30 -15 O 15 30 4% 60 75 90 103
r s s —— s T T - T - \
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Fig. 7. Azimuths of 2.2-GHz lunar observations of Christiansen.
1970, with maximum decibel excursions for each grouping.
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high scintillation intensities in the anomaly region.
they still fail to evaluate the geometrical contribution
to the intensity at any single observation point.

An interesting set of observations at 4 GHz was
made in March-May 1971 from Longonot, Kenya,
through a subionospheric dip latitude of ~14°S by
Skinner et al. [1971]. They reported that “scintilla-
tion fading of amplitude up to 4 dB in carrier level
has frequently been observed at Longonot at night
during the months of March, April and May 1971
on signals received from five stations.’ The azimuth
to the satellite was approximately 90°. Another
station, Arvi, India, situated at 10° dip latitude (N)
showed only ‘weak to moderate scintillation fading
on several nights’ for the same period. Arvi, India,
observed the satellite at an azimuth of ~210°
considerably closer to the magnetic meridian piane
than the azimuth from Longonot.

More recently, similar results of high scintillation
activity were noted by Fang [1980] at Hong Kong.
He recorded 9-dB fluctuations on the 4-GHz COM-
SAT downlink to Hong Kong at azimuths of ~105°
(the Pacific Ocean satellite) and 252° (the Indian
Ocean satellite) for periods of up to an hour. Thus
high values were noted almost perpendicular to the
magnetic meridian.

DISCUSSION

From theoretical studies [Basu and Kelley, 1979,
and references therein] it seems most likely that
the generation of the irregularity bubbles com-
mences at or near the magnetic equator. Once
formed, the irregularities in the patch below 600
km would not be observed at Ascension. The field
lines of the irregularities below 600 km terminate
at the 200-km level at latitudes lower than those
of the Ascension propagation path. One effect of
increased solar sunspot number is to raise the height
of the more intense irregularities [Aarons et al.,
1980a] as seen on the Jicamarca backscatter.

Increased solar activity does produce higher elec-
tron densities in the F region, as shown by the
fong-term sounder observations, the total electron
content (TEC), and the in situ data. 1t the effect
of irregularity formatton acts on a percentage basis.
then the high sunspot years should show increased
scintillation levels at gigahertz frequencies at
electrojet and anomaly latitudes. This has been seen
at electrojet latitudes (Huancayo) where a comparn-
son of September-Octobsr 1977 1. baprd dara with

32

September-October 1979 data showed higher in-
tensities in 1979, the higher solar activity year. In
addition. Fang's statement indicates that the in-
crease is a general increase.

Itis almost impossible to compare absolute values
of the moon transponder data at 2.2 GHz, the
Kelleher observations at 4 and 6 GHz, the Fang
Heng Kong recordings at 4 GHz, and the Ascension
Island observations at 1.5 GHz. ltis clear. however,
that the scintillation levels at Huancayo. Natal. and
Guam are lower than levels observed from anomaly
latitudes.

While the scintillation intensities during years of
high sunspot number are higher in the anomaly
regions than those in the electrojet sector, the
contribution of geometry of the irregularity model
to intensity levels has not been established.

CONCLUSIONS

The basic conclusion is that during years of high
sunspot activity the absolute value of irregulanty
intensity increases, particularly in the anomaly
region. Ascension Island observations showed fades
of greater than 27 dB peak to peak while stations
near the magnetic equator were recording values
of 7 and 9 dB for isolated fluctuations. At a variety
of azimuths, Christiansen reported scintillations in
a two-way path at 2.2 GHz of up to 25 dB. At
azimuths considerably off the magnetic meridian,
Skinner et al. [1971] showed appreciable scintilla-
tion at 4 GHz. Recently, during years of very high
sunspot number, Fang has observed over periods
of more than an hour scintillations of 9 dB at Hong
Kong at 4 GHz.

In several sets of observations reviewed, azi-
muths of the propagation path were close to east
or west; high scintillation values were found.
However, the contribution of geometry to scintilla-
tion intensity must be assessed in further expert-
ments. During 1981 there will be an opportunity
to view L band beacons of the Global Positioning
System satellite program at varying geometries from
Ascension Island. It is expected that the level of
the activity will be adequate to assess the geometri-
cal contribution.
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Depolarization of VHF geostationary satellite signals near the equatorial anomaly crests
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The nighttime polarization fluctuations of linearly polarized 136 MHz satellite signals received at
Ascension Island, located near the southemn crest of the equatorial anomaly. have been shown to be the
manifestation of depolanzation effect due to the diffractive scattering by small-scale (<200 m) density
irregularities with power law spectra. The theory can explain its coexistence with L band scintillation.
The absence of this phenomenon at equatorial locations off the anomaly crests is attributed to two factors:
(1) the ambient plasma densities are relatively low, and (2) the propagation angles of satellite signals
are more nearly perpendicular to the geomagnetic field.

1. INTRODUCTION Similar observations of fast fluctuations of Faraday
rotation angles associated with strong, fast amplitude
angles have been observed from low-orbit satellite scintillation have been observed as far away from the

beacon signals transmitting on 20 MHz by Parthas- equator as Delhi (44.N <.11p), India (Y. V. Somaya-
arathy and Reid [1959], Yeh and Swenson [1959), Julu, private communication, 1981), but they have not

and Roger [1965], on 40 MHz by Kent [1959], and :’::“:;"“ at ”:,“’2“‘:": (.9 Sr:‘P)'ti“’“;“a‘ed near
on 54 MHz by McClure [1964]. Kaushika and de geomagnetic equator, nor have they been repo

Mendonca [1974] observed that the Faraday rotation by Yeh et° al. .[19790' .b]’ in observations taken at
. Natal (7.9°S dip), Brazil.
angle of the 137-MHz VHF signals from a geosta- I bservati f A ion Island
tionary satellite sometimes exhibited fluctuations of h n our; ;erv tons trom £ ;cen:llon slaq » we
relatively slower periods, ranging from a few seconds ave noted the coexistence of Fara ay polanzation
to about an hour, when the Jocal ionosonde showed ﬂuctuatlons with strong L band ?mplltudc scintilla-
spread F echoes at the low-aititude station of Sao Jose ;:on. Th(eiy d.appear totget:\er dunng the postsur;set
dos Campos (24°S dip), Brazil. Recently, Klobuchar qurs_ and disappear at the same t‘nme nez}r .o r gtcr
and Aarons [1980) and Das Gupta and Maitra [1980) m'ndmght. Satu'rated 136 MHz amplitude sgnnnllanons
have reported intense and fast fluctuations of the Far- with a.fast fafd 12g rz:;e are a;lw.ays. seer;]dunng the ob-
aday rotation angles, in association with strong and serva::ons ° di ar: ay 'poanzauon uctuatloqs. A
fast amplitude scintillation, respectively, from Ascen- sat:p © recor l‘: S do.w r;)m ‘g:ere 1. In an experiment
sion Island (31°S dip) and Calcutta (32°N dip), both at Ascension [s an' in December 1979, we. separately
situated near the crests of the equatorial anomaly. recorded the amplitude of the left-hand circular and
right-hand circular components of 136-MHz signals
from the SIRIO geostationary satellite observed at 80°
'NAS/NRC Senior Resident Research Associate on leave from  €l€vation transmitting nominally linearly polarized

Intense and fast fluctuations in Faraday rotation

the University of Calcutta, India. waves. We found that, during the times of strong, fast
amplitude fading when polarization fluctuations oc-
Copynght © 1982 by the Amencan Cx ophysicas [ rion cur, there was a loss of correlaion of the opposite
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Fig. 1. Sample data of the geostationary satellite signals received at Ascension Island on January 2, 1980.
Channels (A) and (B) show the amplitude scintillation of the 136-MHz signals transmitted from SIRIO and that
of the L band (1.541 GHz) transmitted from MARISAT 1, respectively. Shown in channels (C) and (D) are the
Faraday rotation measurements of 136-MHz signals in a ramp format with one channel displaced by 90° relative
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to the other. Intense and fast polarization fluctuations make the last two channels almost undistinguishable.

sense circularly polarized wave components (i.e., or-
dinary and extraordinary modes), indicating that, dur-
ing those times, the concept of simple Faraday rota-
tion was not valid at our observation frequency. It is
the purpose of this paper to explain the reasons for
those observations and to suggest why polarization
fluctuations of VHF radio waves have not been ob-
served very near the magnetic equator.

Ionospheric density irregularities are responsible
for the irregular fluctuations in the Faraday rotation
angles of satellite signals. We believe that the polar-
ization fluctuations as shown in Figure 1 indicate the
depolarization of linearly polarized transionospheric
satellite signals. Two mechanisms have been sug-
gested for interpreting the polarization fluctuations of
HF satellite signals, specifically, at the frequency of
20 MHz. One concerned the effect of refraction im-
posed by large spatial inhomogeneities that give rise
to large path separation ot the ordinary and extraor-
dinary modes, and. consequently, these two charac-
teristic components of o tinearly polanzed signal can

scintillate independently [Roger, 1965]. The other
one proposed by Yeh and Liu [1967] is the process
of wave scattering by density irregularities. Induced
fluctuations in Faraday rotation angles due to this
scattering may cause depolarization effect on the lin-
early polarized satellite signals.

In Roger’s mechanism, it is the ray path separation
of the two modes but not the density irregularities that
is primarily investigated for the polarization fluctua-
tions of satellite signals. The magnitude of path sep-
aration. which is large enough to decorrelate the two
modes, is estimated roughly as Ar = I/((Ad))'",
where { is the scale size of density irregularities. and
((Ad)")'* is the rms phase variation of the signals.
Roger assumed that / = 1 km, ((Ad)"'"* = 2 rad for
20-MHz signals and obtained Ar = 0.5 km. The cur-
rent in situ data, however, indicate a power law type
of irregularity power spectrum encompassing scale
sizes from meters to tens of kilometers. Moreover,
Roger's mechanism cannot be used in the case ot con-
cern here to explain the close relationship ot polan-
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zation fluctuations with L band scintiliations and oth-
ers.

By contrast, no significant path separaticn of or-
dinary and extraordinary modes is necessary in Yeh
and Liu’s mechanism. The wave scattering by dersity
irregularities is considered to be the principal process
responsible for the polarization fluctuations of satel-
lite signals. Nevertheless, Yeh and Liu’s theory can-
not be extended to the case of VHF signals con-
cerned, as explained later. As a matter of fact, density
irregularities with Gaussian spectra, as assumed in
Yeh and Liu’s theory, turn out to be ineffective in
causing the depolarization of VHF satelilite signals.

Along the line of Yeh and Liu’s approach, we show
that the polarization fluctuations of linearly polarized
136-MHz satellite signals is the manifestation of de-
polarization effect due to the diffractive scattering by
small-scale (<200 m) density irregularities with power
law spectra. The absence of this phenomenon at equa-
torial locations off the anomaly crests is attributed to
two factors: (1) the ambient plasma densities are rel-
atively low, and (2) the propagation angles of satellite
signals are more nearly perpendicular to the geomag-
netic field. It can be shown that these two factors lead
to the requirement of rather unrealistically large frac-
tional fluctuations of ionization density for the de-
polarization of VHF signals to be seen at other equa-
torial locations.

This paper is organized as follows. The theory of
single wave scattering by density irregularities is pre-
sented in section 2. In section 3, the variances of
phase shift, field amplitude ratio, the Faraday rotation
fluctuations, and the induced field component of
transionospheric signals are formulated and evaluated
for density irregularities of both power law and Gaus-
sian types. Interpretation of observations and discus-
sion are given in section 4.

2. TRANSIONOSPHERIC WAVE SCATTERING
BY DENSITY IRREGULARITIES

For simplicity, density irregularities are modeled
as a uniform mean square fractional fluctuations of
ionization density ((AN/N)?) within a slab of ioniza-
tion in the F region of mean density N. A lincarly
polarized wave transmitted from a geostationary sat-
ellite S is received on the ground at zenith angle x.

The center of the coordinate system is chosen to be
located at the geostationary satellite § as illustrated
in Figure 2. In Figure 2, Z, represents the distance
between the satellite and the receiver. 7 represents
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5(0,0,0)

------ (0,0,0)
LU
------ 4
. \
. B
']
R(0,0,Z,)

Fig. 2. Geometry of the transionospheric propagation con-
cemed. The center of the coordinate system is located at the geo-
stationary satellite S. Z, = 35,000 km, a = 34,300 km, & = 500
km, D = 200 km, 8 = 52°, and x = 10°.

that between the satellite and the topside of density
irregularities, b represents that between the receiver
and the bottomside of density irregularities, D rep-
resents the thickness of the slab, and 6 represents the
propagation angle. The unscattered ray path within
the density irregularities is D sec x. In the case of
concern here, Z, = 35,000 km, b = 500 km, D =
200 km, a = 34,300 km, 8 = 52°, and x = 10° are
assumed.

For quasi-longitudinal propagation in the iono-
sphere, the refractive index of electromagnetic waves
can be approximated as

n=1-fa=0) n

at frequencies large compared with the electron gy-
rofrequency, whers f2 = f1/f%. i.e., the squared ratio
of the ambient plasma frequency to the wave fre-
quency, 1 = Q/f, i.e., the ratio of the electron gy-
rofrequency to the wave frequency, and ﬂL = ) cos
8. The plus and minus signs in (1) refer, respectively,
to the cxtracrdinz and ~rdina~ v ves that are the
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ENCS
; S location. That is,
o X Y Ex(r) = (2E/r)\£ cos (ekr) + ¥ sin (ekr)]
-.‘_ 4 - exp [i(wr — kr)] 4)
.-_": - showing that the polarization vector of the linear-
“ L ly polarized wave is rotated by an angle of ekr =
~an (1/2)(k, — k,)r known as the Faraday rotation.
:~E;-( __In the presence of density irregularities, namely
e fx = (Fi) + AF} (where (f}) corresponds to the mean
_: ionization density and Af;, corresponds to the density
S irregularities), an additional change of Faraday rota-
e ZP v tion angle is introduced by wave scattering from den-
_ S sity irregularities. Since satellite signals are received
) at a high elevation angle and the wavelength is as-
-;:\::' sumed to be much shorter than the scale sizes of the
'_::-:: L most intense density irregularities concerned, wave
'j.::.. < reflection and the refraction due to horizontal strati-
s | R fication may be neglected. Only the forward scatter-
; ing is considered here.
RN \ Let us first consider the scattering of ordinary
o waves by density irregularities. The incident electric
Y field at scatterer V, (see Figure 3) is represented by
¥ E, = (E,/r) exp (i(wt ~ k,r)). For single forward
2 R scattering with small angles of deviation, the resultant
field (E,) of the scattered waves received at R(O, O,
:»f,.\: Fig. 3. Geometry of the wave scattering by density imregularities.  Z,) is approximately given by
:_.t_. Z, w' | (E, )
O two characteristic modes of a linearly polarized wave E, =~ {(Z) exp {i(wt - k.,Zo)l}
gy in the ionosphere.
) Since the refractive index n is defined as kc/w, s AFXr) exp [~ik(r + R — Zy)]
o expression (1) can be written as ' Vd r Rr &
e k,=kl+e) k=kKl-¢ where V is the total volume of density irregularitics.
:_:* as the wave numbers of the ordinary and extraor- The total field of ordinary waves received at R(O, O,

)

v dinary waves, respectively, where ¢ defined as Z,) is composed of the unscattered and the scattered
' £380,/2(1 - f2) has a small value (~107%) for the Pars. 1.,

R VHF propagagizon zir_l the ionospheric F .regio.n. and'k EeolZo) = |E(Zo)/Z,) exp li(wt — k,Zy)]
- = (wfc)(l — f N)'/ is the wave number in an isotropic i
s medium (i.e., € = 0). , iz [ MMDexploikr + R - z(,n}
"o In the far-field approximation, the wave fields of 4n ¢! Rr
"._-__ these two modes received at a distance of r from the
source are given, respectively, by (6)

:.:::.. E (1) = (E/r)(& + if) exp [i(wt — k)] 2 If the scattered waves are weak compared with the
NN unscattered waves, (6) may be also expressed as
A
e and Ero(Zo) = E,(Zy) exp (—it,) ™M
™ E (r) = (E/r)(% — iy) exp lilwt — k,r) 3) . -
oY o(r) = (E/n(E = if) exp Lilw & This means that weak wave scattering by density ir-
o The summation of (2) and (3) yields the field of the regularities introduces a complex phase shift into the

:‘h linearly polarized sphencal wave received at the same  original wave. Expanding the exponential function in
~;:2
AN
*:'o
4'

A
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(7) to the first order of ¢, and equating it to (6) yields

b = _‘,_Zl_,oi2 &r Af3r) exp | —ik(r + R — Z,)]
° 4t ¢ v Rr

(8)

The phase shift (¢,) of catraordinary waves duc 1o
weak scattering by density irregularities can be sim-
ilarly obtained as

9

é, = _,'59.2 & Af-i'(’) exp [—ik{r + R — Z,))
* 4n ), Rr

The field of the linearly polarized waves received at
R(O, 0, Z)) is, therefore, given by

E; = E(Zy exp (—id) + E(Z) exp (—id,) (10)

which reduces to (4) in the absence of density irreg-
ularities.

A new xy coordinate plane is so chosen that the
new x axis coincides with the polarization vector of
the unscattereq linearly polarized wave at R(O, O,
Zy), i.e., (4) ii expressed as

Ex(Z,) = (2E/Z,) exp li(wt — kZy))% (an

In this new system of coordinates, expression (10)
assumes the following form

ExZy) = (2E/Z;) exp li(wt = kZy)l exp [-i(d, + $,)/2]

k- WP -
-[fcos( 3 )+ysm( 2 )] (12)

a comparison between (11) and (12) shows that den-
sity irregularities cause phase shift, amplitude vari-
ation, and Faraday rotation of the linearly polarized
waves. An induced field component along the y axis
can be visualized to be associated with the induced
Faraday rotation and to result in the depolarization of
the linearly polarized waves. They are summarized
as follows.

Phase shift
b, + &, Z, w' 3 Afs/"’
= = -—== | dr—
Ae Rc( 2 ) 4T V( 'y
ccos [ek(r + R ~ Z)]sin |k(r + R — Z,)] (13

Amplitude variation

EN _, (ot Z | AU
ln(E)—-Im( 2 )—417 (,fvdr Rr

R r4

<cos [ek(r + R — Z) cosiblr + R = Z )] (14
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Faraday rotation

PP Mk ) w’ 3 AfLD
A= T CZJt‘“ Rr
AP (—Hk(r + R — Z))] sin [ek(r + R — Z,)] (15)

Change of polarization vector

E, =.tan (M"’ — M) - e J’ dr Afir:
v

E 2 i Rr

- exp [—ik(r + R — Z,)] sin [ek(r + R — 2Z,)) (16)

for b, — &, < 1 rad. As noted in (8) and (9). ¢, and
&, are in general complex, the real parts of which
correspond to phase shifts, and the imaginary parts
of which indicate changes in logarithmic amplitudes
of wave fields. Therefore, the induced Faraday ro-
tation angles (Af2) and the polarization vector change
(E,/E,) have complex values as expressed in (15) and
(16), respectively. Physically, it means that AQ and
(E,/E,) result from the differential phase shift (i.e.,
Re (b, — ¢,)) and the differential changes in loga-
rithmic amplitudes of ordinary and extraordinary
modes. The spatial averages of Ad, 1n(E./E,), AQQ,
and (E /E,) are zeroes; their variances, which are of
main physical interest, are not, however.

3. VARIANCES OF Ad. 1n (EL/E,). AQ, AND (E/E)

Let us first evaluate the induced Faraday rotation
(15) or the change of polarization vector (16) for |,
- &, < lrad,ie.,

=

Z, o Afi(r) )
—4;:_ = f d’r f,;'r -exp [—ik(r + R = Z,)]
14

- sin [ek(r + R — 2] an

In the system of coordinates (see Figure 3) used to
evaluate (17), r = (* + y* + z)"? and R = ((Z, —
2 + x* + y1"2 Since Z,, Z, — z > (x* + y)'is
assumed, therefore, r = z + (x’ + y%)/2z and R =
(Zy — 2) + (X + ¥)/2Z, - 2) lead to

r+R = Z,=(x + Y2282, - 2) (18)

Equation (18) is used to substitute for (r + R — Z,)
in (17), and Rr in (17) is simply replaced by z(Z, —
2). These approximations are based on the assumption
that the outer scale of density irregularities responsi-
ble for the depolarization effect is small compared
with the distance between the altitude of density ir-
reguianities and the receiver. This assumption also

PRENSENIN - 3N Sy P
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assures forward scattering with small angles of de-
viation.

The variance of AQ or (E /E,) over space can be,
therefore, approximated as

z; o (AFHEINAF U
12y = =0 3 3 MO MK
e l6m o J;d g jvd r 2,252 — 2MZo — 23)

< cos | XL+ ¥DZy _ ki + yé)za]
2202y — z)) 2202y - 2,)

2 2 2 2
. sin [Ek(xl + ,VI)ZO:I Sin [Ek(x'l + YZ)ZO] (lg)

22\(Zy ~ 2)) 2242y — z,)

where ((Afi(r,))(fy(r,))*) is the autocorrelation func-
tion of density irregularities. To carry out the inte-
gration in (19), it is convenient to make the following
coordinate transformation:

E=x,—x, N=EY— 0 {=2-12

X = 1/2x, + x;) L= 1/2y, + vy) 20)
Z=1/2z + z,)

Integrating (19) over X and Y from — to +% leads

to
i arDuecy  pDsecx
(n?» =m—j dz . dl
a secx
: f dn f dE(AS T INAS y(r,))%)
< {2G(0) sin [GIOXE™ + ) = G(e) sin |G(eNE® + m))
= G(—¢) sin [G(—eXE + )]} Q20
where
G(ty = ZH2U2Z - Z,) + lZZ, - Z° - (/1))
where

t =0, *¢

The form of the autocorrelation function has to be
determined for the further evaluation of (21). Two
types of power spectra are assumed for density irreg-
ularities: (1) power law type and (2) Gaussian type,
which have been seen to be associated respectively
with the early and the late phases of density irregu-
larities in the observation of satellite scintillation
[Basu et al., 1980).

For simplicity, density irregularities are assumed
to be generated by spatially homogeneous processes.
The autocorrelation functions, theretore, depend only

on the coordinate differences £ = x;, — x,. m = v,
- v, and { = z; — z,. Moreover, only statistically
isotropic density irregulanties are considered. In this
case the autocorrelation functions are only functions
of (€ + v + [H'2

3.1. Density irregularities with power law spectra

For isotropic density irmregularities of power law
type, the autocorrelation function is taken to be

(A HENAFAEN®) = {AFD
“exp [—{TE + 7+ )

where ((Af1)) corresponds to the mean square fluc-
tuations of ionization density and / is the correlation
length. The integration in (21) over £ and m can be
conveniently evaluated with the transformation of (&,
7) into the polar coordinates (r, &), namely.

j dgf dnGexp (-1 HE +0° + )"

£

- sin [G(E + n)] = wJ' di

0

-exp |=17'(GD' (¢ + |G|LH*} sin () 22)

Although the general analytic solution of (22) can-
not be obtained, an approximate form that is appro-
priate for the case of k/ >> 1 is shown in the appendix
to be

J' drexp [—=17"(GH ™" + |GILH' ] sin (1)
(4]

= exp (—17"ILha1 - 174G (23)

Since GI* ~ kI > 1, the second term in parenthe-
ses of (23) is less than the first one by an order of
(k)'*. However, if the second term in (23) is ne-
glected, the integration in (21) over £ and 7 cancels
and thus (|/|*) = 0. This indicates that the depolari-
zation of satellite signals, if any, is a second order
ionospheric effect.

Using the identity of integration given by (23), (21)
yields

a kz«Af-_:’)z) faolhe\‘!

W =tea—am) <

Deecy
. j dU17'(202Z - Z)/Z k)"

~Deecy

G v vz2, 2 @/DHQZ 200
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+ L - €222, - 2 - X/2H/QZ - Zy)'"?

~2ig) " exp (—17"ILh

It is quite clear in (24) that (/|*) = O if the terms
involving € in the integrand ore muct: le.s than { We
assume that €2(ZZ, — Z° ~ ({/2)°}/(22 ~ Z,) ~ 2ed
is comparable to { < /. where d is the distance be-
tween the receiver and the mean altitude of density
irregularities. Then

I~ 2ed = 2d(fu/f YU — FL/fH " cos @

(24)

(25)

can be used to determine the outer scales of irregu-
larities that are responsible for the 136-MHz Faraday
polarization fluctuations.

Neglecting { in the braces of (24) and replacing the
limits of integration £D sec x by ==, since D > [,
we can easily carry out the integration of (24) over
{ and obtain

K(AFDYD

W = 30 = (o

a+ Dsecy 172
eZ(Zy — 2)
—_— 2
dZ[ ZK ] (26)

Because @ =>> D, the integral in (26) can be simply
represented by the product of the interval of integra-
tion and the integrand wherein all Z's are replaced by
Z,,, where Z_ is the distance between the satellite and
the mean altitude of density irregularities. We finaily
obtain the following result

K(AN/NY)(f3)
21~ (f i}

During the current solar maximum period, total
electron contents (TEC's) as large as 100 units (1 unit
= 10" m™? have been frequently measured at As-
cension Island. This indicates a large F, maximum
plasma density N (= 100 units/250 km ~ 4.1 X 10"
m~>, where 250 km is the assumed slab thickness of
the ionosphere), namely, a large ambient plasma fre-
quency (~18 MHz). lonograms obtained at Ascen-
sion Island from airborne measurements also indicate
large f,F, between 16 MHz and 20 MHz (E. Weber
and J. Moore, private communication, 1981).

Iff, = 18 MHz, Q, = 1.5 MHz, and d = 600 km
are used in (25), the polarization fluctuations of 136-
MHz satellite signals received at Ascension Island
(8 = 52°) turns out to be caused by density irregu-
larities with an ‘outer scale length’ of <200 m. It is
interesting to note that recent rocket {Rino et al.,
1981} and satellite in situ |[Basu et al., 1981} mea-
surements at F region heights show a break in spectral
slope generally around several hundred meters.

n?» = (ekd)'’D sec x (27

Therefore, the outer scale length so termed here may
refer to that portion of irregularity power spectrum.

At Ascension lIsland, the Faraday rotation mea-
surements were made at an elevation angle of 80°,
naraely, x = 10° in (27). If the thickness of density
irregularities is taken to be 200 km and the ambient
plasma frequency is taken to be 18 MHz, (27) shows
that 0.33% mms fractional fluctuations of ionization
density can cause appreciable polarization fluctua-
tions of 136-MHz signals, i.e., ({|)"? = 0.1, and that
1.65% ionization density fluctuations may result in
large depolarization effect, i.e., ({|)'* = 0.5.

Similarly, ((A¢)?) and {1n(E,/E,)*) can be derived
from (13) and (14), respectively, as

((Ad)Y) = 4r:NYK(AN/NYINUD sec x/(1 ~ (F2)  (28)
and
, \ (AFHH ,
((In(ER/EQ))) = WOI: sec x(kd)'*  (29)

where [ represents the scale sizes of density irregu-
larities that cause the phase fluctuation of VHF sat-
ellite signals, r,(~2.82 X 10™"m) is the classical
electron radius, and A the wavelength of VHF signals.

3.2. Density irregularities with Gaussian spectra
(AFMEDAFUED®) = (AF) exp (=148 + P + 1Y)
(30)

is the autocorrelation function used to represent the
density irregularities with Gaussian spectra. In situ
measurements indicate that Gaussian spectra are as-
sociated with the late developed phase of irregularities
with a correlation length of | km (Basu et al.. 1980].
Therefore, { is taken to be 1 km in (30). Substituting
(30) into (21) and integrating with respect to £ and
n, we obtain

KAfhd [0 [ v
PA— N
(,ll)_ l6(| _(jz))zl dz d;

- -

- exp (—{7IH{2F(0) ~ F(e) - F(—¢)} an

where

(
F(r)sll +[

w0z -7
Zkit

72 = 2}~ @/2) N
Zki*

(32)

where ¢ = N+«
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Since 2{(2Z — Z,)/Zki* is of the order of 2/kl ~
7.0 x 107* and 4eZ(Z, — Z)/ZkI* of the order of
4ed/klI* ~ 5.0 X 107°, F(0) and F(*¢) have the gen-
eral expression of (1 + 8%~ with 8 << 1, which can
be well approximated as (1 —~ §%). The expression in
the braces of (31) is, consequently, simplified to be
2[4eZ(Z, - Z)/ZkI})?. Straightforward integration of
(31) over { and Z leads to

4 = 477 HAN/NDO - FH (%0 D
- sec x cos’ 8 (33)

Substituting into (33) the same parameters as used in
the case of power law type irregularities shows that
unrealistically large density fluctuations are required
for causing the polarization fluctuations of 136-MHz
signals, namely ((AN/N))'* = 843% for (|I|})"? =
0.1 and ((AN/N)Y)"* = 4215% for (|I|) = 0.5. A rea-
sonable ionospheric density depletion (((AN/N))'"?)
with Gaussian spectra is about a few percentage
points, say 5%. According to (33), the ambient
plasma frequency must be as high as 65 MHz so that
the Gaussian type of irregularities is able to cause the
appreciable depolarization (i.e., (I|)"? = 0.1) of
136-MHz signals. Such a high ionospheric plasma
frequency is, however, unrealistic under the normal
conditions.

The derivation of ((Ad)?) and (1n(E};/E,)?) can be
easily done in the case of Gaussian type irregularities.
They are

2N PINY(AN/N))

2y — s
{(4d)) 21— () {70y + 2(1)} (34)
and
2y 2 2752 2
, » _ TRINENYANING _

(I(ER/EQ)) = Mt {(0) - J(1)}

(35)
where

a +Dsecy
J(x) = f dz{l + [x4Z(Z, - Z)/Z ')}

whore
x=0,1

Equations (34) and (35) can be reduced, respectively,
from the (26) and (27) of Yeh and Liu [ 19671, wherein
Ji=) reduces to J(O). since £ ~ 10 for the 136-MHz
wave propagation.
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4. DISCUSSION AND CONCLUSION

In this paper, wave scattering by density irregular-
ities with power law spectra has been proposed as the
process for causing the intense and fast fluctuations
of the SIRIO 136-MHz signals received at Ascension
Island. Based on the above analysis, the following
things can be understood: (1) the nature of density
irregularities that result in the polarization fluctua-
tions of satellite signals, (2) why the polarization fluc-
tuations of 136-MHz signals has a close correlation
with the occurrence of the L band scintillation, (3)
why the polarization fluctuations of 136-MHz signals
has only been seen at locations near the equatorial
anomaly crests, and (4) the frequency limit beyond
which density irregularities will not affect signifi-
cantly the polarization vector of sateilite signals.

We have already shown that the polarization fluc-
tuations of 136-MHz satellite signals result from the
wave scattering by density irregularities whose power
spectra exhibit power law rather than Gaussian dis-
tribution. In situ measurements [Basu et al., 1980]
show that, while density irregularities have relatively
flat power spectra obeying a power law slope in their
carly phase, density irregularities in their late phase
are seen to have a sharp slope essentially character-
istic of a Gaussian distribution. This indicates that,
during the change of power spectra from power law
to Gaussian types, relatively short-scale (say, less
than 1 km) density irregularities decay. As shown in
(25), the polarization fluctuations of 136-MHz satel-
lite signals turns out to be caused by those short-scale
density irregularities with an outer scale length less
than about 200 m.

Density irregularities with scale lengths of a few
hundreds of meters are responsible for the L band
scintillation. Therefore, the L band scintillation is not
expected during the late phase of density irregularities
characterized with Gaussian spectra, indicating the
decaying of short-scale density irregularities. Obser-
vations of the 257-MHz scintillation at Ascension Is-
land in the presence and absence of the L band scin-
tillation, indeed. indicate the characteristic increasing
of the correlation lengths of the 257-MHz signals
[Basu et al., 1981]. That both the L band scintillation
and the polarization fluctuations of the 136-MHz sig-
nals are caused by relatively short-scale density irreg-
ularities is likely to account for the coexistence of
these two phenomena.

The ambient plasma density (N) and the propaga-
tion angle (8) are the most location dependent param-
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Fig. 4. Fractional fluctuations (((AN/N))"?) of the plasma density N versus the outer scale lengths [ of density
irregularities or the ambient plasma density N, as required to cause the polarization fluctuations of 136-MHz
satellite signals at Ascension Island. Scale (A) for (/|)"* = 0.1, scale (B) for (J)"* = 1.0.

eters. As mentioned before, the ambient plasma den-
sity measured at locations near the Appleton anomaly
crests may be larger than those at other equatorial lo-
cations by a factor of 2-4 during the solar maximum
period [Rastogi, 1966; Aarons et al., 1981]. Let us
look at the possibility of observing the 136-MHz po-
larization fluctuations near the magnetic equator,
e.g., Natal, Brazil (geographic coordinate 5.85°S,
35.23°W, 9.6°S dip).

The propagation angle at Natal is about 80° (cf. 52°
at Ascension Island). If the ambient plasma frequency
at Natal is taken to be 10 MHz (cf. 18 MHz at As-
cension Island), f7 cos 0 obtained at Natal is less than
that at Ascension Island by a factor of 11.5. There-
fore, according to / = fZ cos 8 in (25), the density
irregularities causing the polarization fluctuations of
136 MHz signals at Natal, if any, have an outer scale
shorter than 20 m (cf. 200 m at Ascension Island).
On the other hand. since the ratio of f}(cos 8)"/? at
Natal to that at Ascension Island is 35.6. (%) ~
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((AN/NY)f3(cos 8)"? in (27) requires that ((AN/N)%)
at Natal be larger than that at Ascension Island by
35.6 times to cause the same level of 136-MHz po-
larization fluctuations, i.e., ((AN/NY)Y? = 10% for
(I»"? = 0.5. This example shows clearly that low
ambient plasma densities and large propagation an-
gles at the magnetic equator make it impossible to
observe the polarization fluctuations of 136-MHz sat-
ellite signals at equatorial locations except near the
anomaly crests.

In (25), { = f} = N indicates that, in an environment
of high ambient plasma density, density irregularities
with longer scale lengths can also be involved in pro-
ducing the polarization fluctuations of satellite sig-
nals. Eliminating /, from (25) anc 127) yiclds

(AN/NYY2 = () = (36)
where C = 4(Q/f)dk™*D sec x)™"? cos 8§ ~ 16.5
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£(1)

Fig. 5. Plot of f(t) = exp [-1""(GD) (¢ + |GI{)"*] sin (p) for
GI* >> 1. The unhatched arca represents approximately the inte-
gration of f(¢) over ¢ from O to =,

Island: d = 600 km, D = 200 km, Q = 1.5 MHz,
f =136 MHz, 6 = 52°, and x = 10°. It is clear from
the plotting of (36) in Figure 4 that, in the presence
of density irregularities, high ambient plasma density
provides the favorable environment for the VHF po-
larization fluctuations to occur. This may explain why
the polarization fluctuations of 136-MHz signals has
been frequently observed at Ascension Island during
the current solar maximum period.

For illustration, the frequency limit beyond which
density irregularities cannot cause significant polari-
zation fluctuations of satellite signals is loosely de-
fined as that at which (|/|)"/? = 0.1 requires 1% of
density fluctuation under the aforesaid ionospheric
condition. This frequency is determined as 235 MHz
from (27), and the outer scale length of density ir-
regularities is determined as 28 m from (25).

It should be pointed out that the theory of single
wave scattering discussed in this paper cannot explain
the observed saturated amplitude scintillations of 136-
MHz signals. It is well known that the saturation of
VHF amplitude scintillation is attributed to muitiple
scattering. Therefore, deductions of the present the-
ory for the amplitude scintillation may not be true.
The validity of single scatter approximation as applied
to the problem of polarization fluctuations can be jus-
tified [Lee, 1981]. Multiple scattering is expected to
give rise to the saturation of polarization fluctuations
in the presence of large density irregularities. How-
ever, the effect of multiple scattering does not impose
significant quantitative changes in the results derived
from the theory of single wave scattering. Simple
analyses presented in this paper tum out to be ade-
quate for the understanding of the 136-MHz polari-
zation fluctuations and associated phenomena.
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APPENDIX: AN APPROXIMATE SOLUTION
OF [ drexp [—1 "(IG)) "¢ + |G|t} ) sin (0

For GI* ~ ki, which is much greater than one
as assumed, the integrand in (22), i.e., exp
[=17GH "¢ + IG[tH'?] sin (1) can oscillate for
many cycles before it dies out. As illustrated in Figure
3, only the unhatched area does not vanish and rep-
resent the approximate integration of (22).

Integration by parts twice in (22) yields

f dtexp (-G "¢ + GILH' ] sin ()
o

x

= exp (=1L —f dt sin (1)

0

02
ar’

<exp [=17'(IGD "V + |GIEY') (A1)

Since exp |—{ (|G| "*(¢ + |G|LH'?] vanishes effec-
tively at distances of the order of the correla-
tion length, the double differentiation of exp
[-17'(G) "t + |GItH"?] with respect to ¢ may be
approximated by

max {exp [-17'(IG) "¢ + |G|tH " *)V/Gr
= exp (~17'|Lh/GU* (A2)

Sin (¢) in (A1) may be represented approximately by
the parabolic function (1)"/2. The integral in (A1) can
therefore be approximated as

* 2
f dr sin () %cxp 1=17YGh ™ + |GIEH)
0
= |GII? - (|GI1H)'? - exp (-I7'|Lh/GH
= exp (~17'ILh/AG)'™ (A3)

Substituting (A3) into (Al) leads to the approxi-
mate form of (22) for GI* >> 1, namely,

j de sin (1) exp [~ '(G) ™"t + |GIEY)'
0

= exp (—/7'|ghi1 = 17'(GH ™) (A4)

Indeed, that the approximate form in (A4) carries the
right functional relationship with G and / is confirmed
by the exact integration in (22) for §{ = O.
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High Resolution Topside In Situ Data of Electron Densities
and VHF/GHz Scintillations in the Equatorial Region
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H. E. WHITNEY
Air Force Geophysics Laboratory, Hanscom AF B, Massachusetts 01731

Coordinated in situ measurements of high-resolution (spatial resotution 35 m) irregularity structures in
the topside ionosphere using the retarding potential analyzer (RPA) on the AE-E satellite and scintillation
measurements using the geostationary satellite Marisat transmissions at 257 MHz and 1.54 GHz from
Ascension Island were made in December, 1979 during the recent solar maximum period. The in situ
irregularity spectra could be classilied into two categories: those having or not having spectral breaks. The
first category of spectra is characterized by two spectral indices: one above and the other below a
scale-length that lies typically between 500 m and | km. The spectral index in the long scale-length end (10
km to ~ | km) varies between — | to — 1.5, whereas the index in the short scale-length end(~t km to 70 m)
is between —3 to —1.5. In the second categocy, the power law spectral index of the irregularities ranges
between —2 to — 2.5 over the entire scale-length range of 70 m to 10 km. The in situ measurements reveal
that in the early evening hours, the E-W gradient scale-lengths can be as small as 35 m, the sampling
interval of the RPA instrument. In the pre-midnight and post-midnight hours, the gradient scale length
becomes larger, but scale lengths of several hundred meters are frequently encountered. The temporal
variation of 1.54-GHz scintillation magnitudes are found to track the E-W bubble structure, scintillations
being minimum when the ray traverses the center and large when it crosses the eastern and western walls of
the bubble. On the other hand, scintillations at 257 MHz remain saturated during an encounter with a
bubble and focussing is often observed, but the autocorrelation interval tracks the bubble structure, being
large when the ray path is deep within the bubble where the perturbation is weaker. The power spectra of
weak 1.54-GHz scintillations are found to be consistent with the predictions of weak scatter theory based
on irregularities having the observed in situ spectra. Significant differences are noted in the spectra of
strongly scattered 257-MHz scintillations. In this case the decorrelation bandwidth extends beyond | Hz,
and the spectral siope of the transitional portion of the spectrum becomes as steep as — 6. The moderate to
strong GHz scintillations sometimes show a dual slope power spectrum with the lower frequencies
exhibiting a slope of - 1.5 and the higher frequencies showing a slope of —5.5. The observations of steep
structures in irregularities with scale-length of a few hundred meters near midnight, implying reiatively
slow erosion of sharp gradients are discussed in terms of plasma processes in the topside ionosphere.

I. INTRODUCTION pling interval) satellite in situ data have shown that in the early
" The subject of nighttime equatorial F region irregularities phase, the bottommde_ irregularity spectra Fxhlbtt shallow
received a tremendous boost when the collisional Rayleigh- Sl0pes duc to stecp spatial structures, whereas in the‘late phase
Taylor instability with field-line integration was proposed trosion of these stecp structures Icad.to spectra with steeper
[Balsley et al., 1972; Haerendel, 1974] to explain the occurrence  S1OP€s [Basu ¢t al., 1980]. High-resolution (~ 15 m) rocket data
of irregularitics on both the bottomside and topside of the Were the first to show that under certain conditions the vertical
equatorial F region. Since then an enormous amount of new  Wave number spectrum has ditferent spectral slopes in different
information on multi-technique experiment, theory and nu-  Scale length regmes [Rino et al., 1981: Kelley et al. 1982].
merical simulations of these irregularities have become avail- Livingston et al. [1981] showed that while the average one-
able. In this rapidly developing field. reviews having various dimensional index for intermediate scale ( ~ scveral tens of km
theoretical and/or experimental orientations followed in quick  '© few km) equatorial irregularities is near —2, it varies system-
succession [Farley, 1974; Aarons, 1977, 1982; Basu and Kelley, atically with changing perturbation strength. Earlier measure-
1977, 1979; Fejer and Kelley, 1980: Ossakow. 1979, {981; mMents. on the other hand, generally associated a uniform k™2
Kelley and McClure, 1981 ; Basu and Basu, 1981; Ych and Liu, ()l?c-dlmenspnul in situ wrcgulnri(‘y wave number spectrum
1982]. While there is agreement now on some of the basic facts with equatorial spread F from satellite data (Dyson et al., 1974)
regarding generation of these irregularities and their effects on  4nd with bottomside spread F using rocket data [Kelley et al.,
radiowave propagation. many details regarding the nature of 19761 Morse et al. 1977]. Moreover, theoretical analyses of the
irregularity waveforms in the F region and their spectral forms nonlincar saturation of the collisional Rayleigh-Taylor insta-

remain unsolved. For instance, high-tesolution { ~ 35 m sam- hility also predict a & ¢ spectral density function [Chaturvedi
and Ossakow, 19777, In fact, any electron density data that is

Copyright 1983 by the American Geophysical Union. dominated by steep structures will give rise to a power law
Paper number 2A1738. spectrum with a k- ? slope [ Costa and Kelley, 1978].
» 0148-0227/83/002A-173885.00 The rocket measurements presented by Rino et al. [1981]
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Fig. 1. lon concentration data obtained by the ion-drift meter on board Atmosphere Explorer-E during orbits 22759
and 22760 in the Ascension Island longitude sector on December 15, 1979. The depletions or bubbles marked [ and I’
represent the same structure detected at two different local times. The points marked A, B, C, D are shown in high resolution
in Figures 4a -4d. The magnetic local time (MLT), dip latitude (DIPLAT), and geographic longitude (LONG) for the two
orbits are indicated at the top and bottom respectively.

and Kelley et al. [1982] while providing information on both
topside and bottomside spectra were confined to data obtained
from a brief, single data set. The rocket was moreover launched
near local midnight into conditions that can be characterized as
an equatorial spread F decay phase [Rino et al, 1981]. The
satellite measurements [ Basu et al., 1980], though made during
various phases of irregularity evolution, were at relatively low
altitudes (~ 270 km) and thus probably sampled only the bot-
tomside in the early phase of irregularity generation when the
equatorial F layer has been raised by electrodynamic forces.
The object of the current paper is to present a fairly large
number of high resolution AE-E retarding potential analyzer
(RPA) measurements [ Hanson et al., 1973] of irregularity wave-
forms and their spectra near the F peak and in the immediate
topside obtained during the current solar maximum period in
December 1979 at an altitude of 435 km. It is these regions
containing the highest plasma density that mostly affect radio
wave propagation channels in the microwave frequency range.

by the coordinated GHz/VHF scintillations in section 3. These
results are discussed in section 4. The implications of the in situ
measurements on scintillation theory and short-scale irregu-
larity generation are pointed out.

2. IN SITU MEASUREMENTS

We shall discuss the high-resolution (~ 35-m sampling) retar-
ding potential analyzer ion density measurements obtained
during four AE-E orbits in the vicinity of Ascension Island
during the coordinated campaign referred to above. To put the
high-resolution measurements in perspective the AE-E low-
resolution (~4 km) ion-drift meter plots of ion densities are
shown in Figures | and 2. In the F region, because of charge
neutrality the 1on densities are essentially equai to the electron
densities. All 4 orbital tracks (orbit numbers 22759, 22760,
22790, and 22791) are piotted on a map of the region in Figure
3 (almost all ocean except Ascension Island itself) to show the

We were fortunate enough on one occasion to observe a patch

C4
L)
2

relative positions of the tracks with respect to the magnetic

__..-:.- of scintillation at 1.54 GHz from Ascension Island (dip lat equator and the scintillation observation subionospheric (at

,":-._.\:: 14.4°S) centered near the exact time that the AE-E satellite  400-km altitude) point (7.4°S; 14.4°W) indicated as ASC IS

N z.v passed very close to the ionospheric intersection point of the (MAR) for the Ascension Island site looking at the Marisat
$:,‘ scintillation ray path [Basu et al., 1981]. Thus we are able to satellite parked at 15°W,

A present for the first time coordinated measurements of GHz The slight discrepancies in the dip latitude numbers between

intensity scintillation spectra and corresponding topside irregu-  Figurcs 1 and 2 when compared with Figure 3 arise from the

L

L larity spectra. The AE-E data were obtained as part of a special  fact that the former two diagrams use the dip latitude as
‘ .:J:.'I coordinated experiment at Ascension Island when the Air  obtained at the height of the satellite AE-E, while the latter
"\:.-.i Force Geophysics Laboratory Airborne [onospheric Observa-  diagram uses dip latitudes as obtained at the surface of the
AT tory was also making airglow measurcments with TV all-sky  earth. A short cxplanation is necessary regarding the manner in
e imaging photometers at 6300 A and 7774 A [Weber et al.  which Figures | and 2 have been put together. Figure | has
:'-' u; 1982].. The imaging system was able to follow the individual  been constructed by lining up a specific bubble marked I and I'

depletions or bubbles {McClure et al.. 1977] observed by AE-E  on the two AE-E orbits occurring on the night of December 15.
;-:,::, for several hours so that by using successive orhits of AE-E The identity of the Subble on the v © arbits was established by
;._:‘" :" dl.la we were able to follow the spectral evolution associated  the continuous tracking of the airglow depletion associated
A with the long-lived individual bubbles. The plan of this paperis  with the bubble first seen at 0030 UT on the Ascension Island
’;-': j to present the in situ AE-E measurements in scction 2 followed  meridian by the airborne 6300 A all sky TV imaging photome-
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DEC 17, 1979
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Fig. 2. The same as in Figure 1 but for orbits 22790 and 22791 on December 17, 1979. The depletions or bubbles marked 1[
and 11’ represent the same structure on this night.

AE-E DEC.15-17,1979
ASCENSION ISLAND SECTOR

LATITUDE

1S (MAR
AB c ASC. IS )

-10°}-

1 1 | L . —
m. 25. 20. |5. IOO 5. 0.

WEST LONGITUDE

Fig. 3. AE-E orbits 22759, 22760, 22790, and 22791 shown on a map of the Ascension Island longitude sector. The point
markedt ASC IS (MAR) locates the sub-ionospheric (400 km) intersection of the ray path from the Marisat satellite located at
15"W 3 Ascension Island. The points A, B, C. and I arc those shown in Figure 1. The projection of the magnetic field line
through Ascension Island is shown for an altitude of 430 km by the chain bine.
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‘-:: * Fig. 4a. A 3-s sample of high-resolution RPA data of relative amplitudes obtained on AE-E orbit 22759 near point A
.

. indicated on Figure 1. The irregularity amplitude (SIGMA), the ion concentration (NI} at the beginning of the data interval,
! the satellite altitude (ALT). the sine of the angle between the magnetic field (B) and the satellite velocity (V) vectors. the
N “ dip angle (DIP). geographic longitude (LONG). und the uaniversal time (UT) are indicated on the diagram. Note the

edge within the 3-s sample makes it nonstationary and hence

particular case the break occurs at | km with a slope p, = 0

) }:: sharp gradient at the western edge of bubble marked [.
oo
L/ {\::
A - ter [Weber et al., 1982]. An exactly similar method was used in  unsuitable for spectral analysis. It was chosen primarily to
! constructing Figure 2 where the bubbles Il and II' were aligned, show the boundary between a stable and an unstable region in
N the bubble (I1) tracked in this case appearing first at 0040 UT. the topside ionosphere. The very high unperturbed ambient ion
o On both nights the AE-E orbits were essentially circular at  density of 3.3 x 10° cm™~? shows that AE-E was near h,,,F or
b:‘:&' 435-km altitude. in the immediate topside of the F region. The aircraft digisonde
oy Two features are immediately apparent from these diagrams.  showed that the bottom of the F region at Ascension Island was
_.:- . One is that the earlier local time bubbles tend to be more highly 250 km at this time (cf. Figure 3 of Weber et al. [1982]). The
S structured and the second is that fewer bubbles are observed  relative amplitude in the diagram signifies AN/N, where AN is
(i.e., there are larger undisturbed regions between them) as one  the change in ion concentration from the ion concentration (N) \
moves to higher [. sheils or away from the dip equator. Further, at the beginning of a 3-s interval. The numbers at the top |
.g by combining with Figure 3, one notes that the ambient den-  right-hand side of the diagram denote the square root of the
}' _: sities are higher for the orbits that are closer to the southern  variance from the least-squares linear trend of the data ex-
e crest of the Appleton anomaly than those which pass near the pressed as a percentage (SIGMA%), the ion concentration per
OAAY magnetic equator. It has been shown earlier that the Appleton  cm ™2 (NI) at the beginning of the 3-s interval, the angle be-
S anomaly persists late into the evening hours in this longitude tween the satellite velocity (V) and magnetic field vector (B), as
{ sector [Aarons et al., 1981]. As far as scintillations are con-  well as the parameters that signify the satellite altitude and
SV cerned, the AE orbits occurred at such a time that we can location.
N match up a specific bubble with a specitic scintillation patch The second sample (lower panel of Figure 4b) was obtained 6
SRR only in the midnight to post midnight sectors. s later and shows structure on the walls ~f the bubble (since the
y _:\; The rest of this section will be concerned with a discussion of  density of 1.9 x 10% cm ™3 at the starting point of the data is so
“.:i'._ the high-resolution waveforms and spectra that were obtained close to the ambient value). It is such structure that is most
i from the orbits shown in Figures | and 2. The high-resolution  probably responsibie for the scintillation at GHz frequencies as
spectra were obtained from 3-s samples of N; data from the was also hypothesized earlier by Costa and Kelley [1976]. To
: % RPA at a sampling interval of 4.45 ms, which is approximately  obtain the spectrum shown in the top panel, the data illustrated
AN equal to 35 m along the orbital track. These four orbits provid-  in the lower panel of Figures 4b was linearly detrended, and the
:::- ed 260 such samples (not contiguous, becausc they were separ-  zero mean time scries of positive and negative fluctuations AN
\';'_: ated by ~3-s samples of various other RPA observations of from thc trend linc was obtained. The percentage fluctuations
"' thermal plasma parameters). Of the 260 samples. approxi- of AN/N, N being derived from the trend line, was subjected to
= matcly 125 samples contained irregularity  amplitudes  spectral analysis by both the fast Fourier transform (FFT) and
e AN/N > 1%, while 135 samples had lower levels of fluctu-  maximum entropy (MEM) methods. The FFT program was
V)ﬁ ations. Most of these latter samples came from in-between  the same as the one used earlier by Dyson et al. [1974]. The
: .- bubble regions (cf. Figures 1 and 2) that appear smooth on the  spectra were normalized such that the integral of the fluctu-
f-.’.* low-resolution plots. ation power {S(/ dF over the observed frequency range equals
::-" ; A sequence of four 3-s RPA samples of irregularity wave-  the variance of the original time series of AN/N. The frequency
Lhd! forms between 0029:37 0030:50 UT on December 15 associ- (/) scale was converted to irregularity scale length (A) by using
L ated with significant irregularity amplitudes on orbit 22759 are  the relation A = ¢/ f, where v is the satellite velocity. In view of
Yo shown in Figures 4u 4d. These refer to the positions marked A, its geophysical importance, we shall illustrate the power spectra
4'\:" B. C, and D, respectively, on both the low-resolution AE orbit  in terms of irregularity wavelength. The dots indicate the spec-
"ﬂ-'i shown in Figure 1, as well as on the map in Figure 3. This  tral estimates obtained by the FFT technique, and the solid line
particular set was chosen because of the spatial proximity of the  represents the MEM spectrum. [t should be kept in mind that
i ‘.z satellite orbit to the subionospheric point of the scintillation  the above spectrum obtained from in situ data is a one-
"’; measurements that will be discussed in the next section, Figures  dimensional power spectrum of AN/N. The spectrum seems
- 4h-4d also contain spectra of AN/N computed from the respec-  [airly typical of the kind seen in the topside when moderate to
A :‘-r: tive data samples. Figure 4a clearly shows that the catellite  large amplitude irt culartties are ~heried The characteristic
) "il\ entered the cdge of the irregular region to the west of the  feature is a break in the spectrum that is most likely to occur at
e Ascension Island subionospheric point. The existence of this  an irregularity scale-length between 500 m and | km. In this
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Fig. 4b. The lower panei is the same as in Figure 4q except for 3-s sample near point B on Figure 1. The upper panel
shows a power spectrum of the linearly detrended data corresponding to the 3-s sample shown obtained by the FFT (dots)
and maximum entropy (solid lines) techniques. Note the structure on the bubble wall that gives rise to a power specirum
with two spectral stopes, a long scale-length spectral index p, = 0, and short scale length spectral index p, = — 3.62, with the
spectral break occurring at a scale length of 1 km.

between 10 km and 1 km and a slope p, = — 3.6 between | km
and 70 m as derived by linear least squares fit to the MEM
spectral estimates.

The third sample (Figure 4¢) shows irregularity waveforms
and spectrum observed at point C near the center of the deple-
tion 12 s after the sample shown in Figure 4b. The waveforms
shown are not spectacular because of the compressed linear
scale having increments of SN between tick marks. Thus the

structures observed near the 20 km mark are extremely sharp
indeed. The effect of such sharp steplike structures on spectra
has been discussed by Costa and Kelley [1978]. In fact the
relative amplitude varies so fast that it is difficult to estimate a
gradient scale length L = [(1/NXdN/dX)] ' and only approxi-
mate upper bounds ~200 m can be quoted. The spectrum,
probably because it is so dominated by sharp structures, shows
a uniform slope of —2.4 over the entire scale length range with
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Fig. 4c.  The same asin Figure 4a except for 3-s sample near point C on Figure 1. Note the low-density deep within the

bubble and the stcep gradients that provide i spectrum detined by a single spectral index with a spectral bump near a scale
length of 500 m
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Fig. 4d. The same as in Figure 4a except for 3-s sample near point D on Figure 1. Note that this sample is exactly
colocated with the subionospheric point for observation of the Mansat satellite from Ascension {sland. The power spectrum
is defined by two spectral slopes with p, = —1.52and p, = —3.26.

k. \' :.

-_'_’:}: the superposition of a bump centered at 500 m. The irregularity  observed for which A, was less than 500 m even though the
A amplitude is very large but the ambient density is so low within  spectral range extends to 70 m. Since there is considerable
o the first 18 km of path length, that scintillations at GHz fre- interest in the scale length at which the break occurs, we made a

quencies are expected to decrease when the ray path is aligned
with such depletions as will be shown in the next section.
Further, the fact that such small gradient scale lengths are
experimentally observed (also cf. Kelley et al. [1982]) has im-
portant implications for short scale irregularity generation and
eventual decay of such sharp structures in the plasma. We shall
discuss these points later in the paper.

The last data and spectral sample exhibited in Figure 4d is
almost exactly matched in latitude and longitude with the

further study of the range between 500 m and 1 km and found
the percentage occurrence evenly split between S00-750 m and
750 m~1 km. Since the satellite is travelling perpendicular to
the magnetic meridian plane (sin B. V = 1), these are actual
cross-field scale lengths.

The histograms for the percentage occurrence of p,, the long
scale length spectral index and p,, the short scale length spectral
index, are shown in Figures 6 and 7. The top panels in each case
show the distributions when alt the samples (including those

o subionospheric point of the scintillation observations of Maris-  without a marked break) are considered while the bottom
"'} at from Ascension Island as shown in Figure 3. Further, from  panels show the distribution when only the spectra containing
7 Figure 1 and a consideration of ambient densities we see that  breaks are considered. Since those without breaks are mostly
5& this data was obtained from within a shallow bubble that has  caused by steep edges and are, therefore, characteristic of data
> densities only a factor of 4 reduced from the ambient. The  that lack stationarity, we shall only discuss the bottom panels

spectrum is as ‘typical’ as one can find in a large body of topside  of Figures 6 and 7. While there is quite a bit of variability in the

Yo in situ data as the slopes p, = — 1.5 and p, = —3.3 exactly

fj_‘i match the most probable values determined from the statistical

e study to be presented below. Some sharp structures still exist in 0 - F“

;'. A the data (Ly ~ 200 m), and we know from coordinated scintil-

> ..1 lation measurements that such irregularity waveforms give rise
to GHz scintillation. 301 .
Lo A limited statistical study was made of the 125 samples with

» AN/N > 1% obtained during the 4 orbits shown in Figures 1

. i SPECTRAL BREAK A
and 2. The idea was to dcterminc the most probable scale b

H‘ &

PERCENT OCCURRENCE
~
o

oy $ length at which the break in the slope occurs such as in Figures |

¢’ 4h and 4d and to cstimate the respective slopes on cither side of 101

l‘-' the break. Of the total number, approximately 40 spectra had

;; no breaks and were similar to the one shown in Figure 4c.

- Figure 5 shows a histogram of the percentage occurrence of %0 os 0 18 2028 5 3% 40 am

e scale length A, at which a break in the spectral siopes occurs tn Ay —

‘;::,- the remaining 85 samples. The most probabie scale-length is Fig. 5. Histogram showing percentuge occurrence of spectral
::: :;‘:'e:nb:(exa)kn;lt::slq :‘l::natl‘dS : r:U"N'(‘:l"’"h_“'ds of all samples  preak, A,. as a function of irregularity scale length observed during the
y L . . a single spectrum was  four AE-F ortuts shown in Figure
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Fig. 6. Histogram showing the percent occurrence of different
values of fong scale length spectral index p,. The top panel shows the
nceurrence distribution when ali samples with and without breaks are
vonsidered. while the lower panel shows the occurrence when only
ihose with significant spectral breaks are considered.

observed slopes, a p, value of —1 to —1.5 and a p, value
between —3 to — 3.5 seems to best describe a large fraction of
the data set.

As mentioned in the introduction, the all sky TV imaging
nhotometer was able to track a specific bubble on both nights.
T us we were able to compare the spectral characteristics of the
same bubble between approximately 0030 UT and 0212 UT on
December 15 that are marked I and I’ in Figure 1. Similarly, we
were also able to compare the features between 0038 UT and
0220 UT on December 17 which are marked If and I1' in Figure
*. Actually we did not find any significant changes in spectral
-hape that we could rclatc to the age of the bubble within this
100-min time span around local midnight. On both nights, we
were obviously comparing 2 topside bubbles. What differed
rom pre-midnight to post-midnight phase was the average rms
clectron density deviation associated with each bubble. Thus
the 0030 UT bubble on December 15 was characterized by an
average (AN) of 1.7 x 10° cm "3 (obtained by averaging 8
RPA samples within the feature marked 1), whereas the 0212
UT buhble was characterized by an average (AN) of 5.4 x 10*
cm "} That is, the electron concentration deviation had
become a third of its initial value in approximately 100 min.
The corresponding numbers for the bubble observed at two
ditTerent times on December 17 are 8.5 < 10* ¢cm " und 2.7
x 10* cm Y. Again a reduction to onc-third the initial value 1s
observed in 100 min. 1t s instructive to note that the 0030 UT
bubhle on December 'S bad GHz scivtflation associated with

SHORT SCALE - LENGTH
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Fig. 7. The same as in Figure 6 {or short scale iength spectral index
pl'

it while the 0038 UT bubble on December 17 had only 257
MHz scintillation associated with it, consistent with its reduced
magnitude of average (AN ).

The bubbles in the pre-midnight and post-midnight time
frame (discussed above) seem to belong to an intermediate
stage in the decay phase when topside spectral forms remain
preserved while the decay of both the spectral intensity of the
irregularities and the background concentration takes place.
When the spatial structure of the bubbles in this stage are
compared with those detected earlier in the evening, much
sharper gradients are cncountered in the early phase and will be
discussed in section 4. Basu et al. [1980] discussed such erosion
of irregularity structures between the early evening hours when
extremely large spatial gradients are observed and the later
stage, which is characterized by much shallower gradients.

3. VHF/GHz SCINTILLATION MEASUREMENTS

The 257 MHz and the 1.5 GH¢ L band scintillation measure-
ments made by using the geostationary Marisat satellite on the
night of December 14-15 from Ascension [slund are shown in
the top panel of Figure 8 The normalized second central
momcnt of signal intensity S, as detined by Briggs and Parkin
{19637, is used to provide a measure of the scintllations. The
sub-ionospheric point (at 400 km altitude) for the measure-
ments and its position with respect to the AE orbits are shown
in Figure 3. The measurements are made at an elevation angle
of 80 in the magnetic meridian plane. The dramatic sudden
onsct of the first patch occurs in the pre-midnight period at
2000 LTHET = UT - 1 hour). On this night, two GHz scintil-
lation patches were observed in association with saturated
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Fig. 8. The upper panel shows the temporal variation of 257- and
1541-MHz scintillation observations from Marisat recorded at Ascen-
sion Island on the night of December 14-15, 1979. The second scintil-
lation patch was caused by the eastward drift of the bubble marked 1
on Figure 1. The existence of focussing at 257 MHz(S, > 1) is clearly
evident for this patch. The two lower panels show the autocorrelation
interval 1 for 50 percent decorrelation observed at 1541 MHz (solid
line) and 257 MHz (chain line). The one to one inverse correlation
between increase of S, at 1541 MHz and decrease of z, particularly at
257 MHz, is noteworthy.

VHF scintillation patches. The VHF scintillations show fre-
quent effects of focussing [Singleton, 1970] with the S, index
often achieving values of 1.1. There was a somewhat weaker
third VHF scintillation patch at 0400 UT on December 15
without any measurable GHz scintillation being associated
with it and is thus not shown. The [. band signal from Marisat
is unfortunately subject to intensity changes usually on the
order of | dB and is expected to affect the signal statistics
during very weak scintillations. Tests on this data channel were
carried out and it was found that the effect on even the weak
scintillation spectra are minimal, except possibly at the very
low frequency end. However. it is for this reason that dotted
lines are used in between patches during periods of very weak
scintillations to indicate possible contamination due to the level
changes of the signal.

The AE satellite transit over Ascension Island occurred at
0030 UT when the second VHF/GH/ patch was being observed
as indicated in Figure 8. The in situ data provide irregulatiry
amplitude (AN/N) at one tixed altitude along the propagation
path while scintillation cifects are caused by the integrated
electron density deviation und hence becomes weighted heavily
by structures that exist near the F peak. In this particular case,

Judging by the in situ ambient density level of 3 x 10% cm "%, it
15 obvious that the sateliitc was sampling the irregulanty struc-
tures that were primarily responsible for this scintillation patch.
It is unfortunate that we do not have one to one correspon-
dence between the first patch and AE data. The AE satellite at
the carlier local time was in the Brazlian longitude sector.
Howcver, it is quite clear from the evening portions of the data
shown in Figure 1 that the more intense GHz scintillations are
associated with bubbles having large depletions that are im-
mersed in @ backgrourc of high ambient clectron density. The
high-elevation Ascension Island scintillation measurement with
the GHz frequency also allows us to establish for the first time
that what looks like one saturated (i.e., S, = !} scintillation
patch at 257 MHz is made up of several smaller bubbles with
considerable structure associated with the walls. The GHz scin-
tillation is reduced when the ray path in the F region goes
through the center of such bubbles as the integrated electron
density deviation is greatly reduced there, but obviously it is
still adequate to cause saturated scintillations at the lower
frequencies. In fact, the observation of §, indices greater than
unity indicating effects of focussing has important ramifications
for the interpretation of scintillation spectra as will be discussed
later. A further point to note is that we cannot, with the
scintillation technique, at lcast, distinguish between differences
in steepness at the eastern and western walls of bubbles as some
radar studies have shown earlier [ T'sunoda, 1981].

The two bottom panels of Figure 8 show the autocorrelation
interval (t) to 50% decorrelation at 1.5 GHz and 257 MHz. The
257 MHz scintillation was totally saturated (ie., S, > 1.0) for
the duration of both patches on December 14-15 as shown in
the top panel. What is remarkable is that the GHz scintillation
peaks and nulls are correlated one to one with decreased and
increased values of 1, respectively, on both frequencies. In fact,
the correlation is even better with t determined from the 257-
MHz signal. Thus the t values during strong scintillations
provide much further insight into the strength of scattering,
while no additional information can be obtained from the S,
index at 257 MHz (other than to note its complete saturation).
For this night it seems that GHz scintillation is associated with
t values smaller than 0.6 s at 257 MHz. This one to ~1e
relationship remains valid when S, is moderately high .nd
dcteriorates somewhat at the end of the second patch on e-
ccmber 14-15 as the strength of scattering weakens considier-
ably. This point will be further discussed 1n the next section.

The width of the bubble that gives rise to the second scir til-
lation patch is 4.5 of longitude as measured by AE-E whicn is
approximately 540 km at the altitude (435 km) of the satel te.
The GHze scintillation event lasts for 60 mins at the S, > ( 15
(SI = 2 dB) level. From the above, the drift speed of the irre u-
larity patch arising from the super-rotation of the nightt:me
equatortal F region [Rishheth, 19717 is derived to be 150 - /s.
This agrees well with the average velocity of 131 m;s derived by
Weber et al. [1982] by tracking the bubble between 003( to
0210 UT. When these drift speeds are combined with tF ¢
values quoted above, then we tind that ground diffraction scices
at 257 MHez have to be icss than 90 m for measurable overh. ad
GHz scintillations to occur. The agreement (between the dnift
velocities derived by the two techniques) further substantiates
our carlicr statement that the irrcgularity structures sampled by
the AE-E satellite in an enviconment of hich ambient 1onization
density (3 x 10° cm %) was indeed responsible for the scintil-
lation event obscrved on the ground.

The scintillation patch structure can be related well to the
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MARISAT ASCENSION ISLAND MARISAY ASCENSION ISLAND
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Fig. 9. (a) The left-hand panel shows four consecutive 3-min samples of | 541-MHz scintillations that were observed on
December 14-15 when the AE-E satellite transited near the subionospheric location of the scintillation measurements. The
right-hand panel shows the respective spectra obtained by the FFT technigue. The Fresnel frequency of these weak
scintillation spectra is near 0.3 Hz and the slope is approximately —4.5 over the roll off portions between 0.5-1 Hz. The
sharp spectral feature near 1.5 Hz is cuused by the spin of the satellite. {h) Same as in Figure 9a except scintillations are on
257 MHz. The low frequencies show a lilling in as compared to Figure Ya and the de-correlation bandwidth extends beyond
t Hz. The slope over the roll-off portion between 1.5-2.5 Hz steepens to —5.5.

overall in situ bubble structure. For instance, during the east-
ward drift of the bubble (near 0030 UT on Figure 1) the
scintillation onset (at 0015 UT on Figure 8) had becn created
by the castern wall of the bubble. The part of the bubble
immediately contiguous to this wall is quite shallow so that the
drop-off in the scintillation intensity immediately prior to 0030
UT in Figurc 8 is not cmphasized. Then the deeper bubble
comes into the ray path and we have a much larger fallofUin the
scintillation intensity at 0045 UT. We have mentioned carlicr
that the total scintillation patch width is consistent with the
total bubble width on the basis of measured drift velocities for
the night. Unfortunately, cven though total electron content
measurements were available at Ascension Island by using the
Sirio satellite, which s focated very close to Marisat, no esti-
mate of the overill depletion can be made as the polarimeter
reeords at 136 MH/ arc totally vitinted by fast polarization
Nuctuatons as discussed by Lee eral [1982]

The GHz scintillation spectra corresponding to four con-
secutive 3-min sampics that are best time and space correfated
with the in-situ AE data samples and spectra shown earlier are
exhibited in Figure Ya. The S, magnitudes are all in the weak
intensity scatter regime at the GHz frequency. The spectra arc
fairly typical of those normally observed in the weak scattering
regime. They ali have a relatively flat to an f*' at the low-
frequency end and anf ** dependence at the high-frequency
end. The high-frequency spectral index was computed by linear
least squares fit of the power spectral density estimates within
the frequency interval 0.5 to 1.0 Hz, which includes the steepest
portion of the spectrum. The {requency demarcating these two
regimes is identified with the Fresnel frequency [ Rufenach,
1975] and is close 10 0.3 He for all the cases. With a 150ms '
drift this 1s equivalent to a scale-length of 500 m. This is close to
the Fresnel dimension expected for overhead measurements at
4 frequency of 1.54 GHz. We have scen in section 2 that the




‘..Yl‘ v{‘l

2

P,
¥

'.(\ S

Ay by

"-:

-

P4

»

*,
D)

|

P :'.'
A

X
&

N
e S

»

P,

st oS
. TR
A J Y

YY)

A,
l"

SN

F)

b ol

[

4

‘>

»

SRR h 3.

' s

a8

5

L4

- a

R

5'

L 2 )

-

P&

ry

v

‘\ <]

BASU KT AL.:

TopsIDE ELECTRON DENSITIES AND SCINTILLATIONS

ASCENSION ISLAND

DEC 16-17, 1979
MARISAT
1541 MHz
12t
08 2
*®
-
_____________________________ 04 S
L ¢
'l e o
ot 02 03
uT
1.0r MARISAT
257 MMz
ool
t 06
™ L]
04} i~
v
L
-
(5]
o2 J 'L <
LTI} axaty"
i L] 1 A, A °
0o 23 24 o o2 o3
uT

Fig. 10. The upper and lower panels show respectively the temporal vanation of 1541 MHz and 257 MHz scintillations
from Marisat recorded at Ascension Island on the night of December 16-17, 1979. The second scintillation patch at 257
MHz was caused by the eastward drift of the bubble marked 11 on Figure 2. The crosses on both panels represent the

respective autocorrelation intervals t for 50% decorrelation.

)

break in the in situ spectra occurs at scale lengths > 500 m. The
roll off portions of the spectra under weak scatter conditions
are thus expected to be consistent with p,. We have found that
the most probable value of p, is between —3 to —3.5. Thus
given the uncertainties in the spectral measurements of both
kinds the observed spectral slope of approximately f 4% s
consistent with the predictions of weak scatter theory [Cronyn,
1970]. It should be noted that the narrow spectral peak at a
frequency near 1.5 Hz is associated with the spin of the satellite.

The four corresponding VHF scintillation samples and their
spectra are shown in Figure 9b. The scintillation magnitudes
(S4 > 1) of all these samples place them in the focussing regime.
The spectra all show a filling in of the low-frequency part and a
spectral steepening of the roll off portions when compared with
their respective GHz counterparts. The slopes in this case are
obtained over the {requency interval of 1.5-2.5 Hz as the break
point in the spectrum (which can no longer be identified with
the Fresnel frequency) extends beyond | Hz. The ramifications
of this Gaussian roll off together with the focussing effect
observed will be discussed in the next section and an estimate of
the phase perturbations under which such steepening occurs
will be provided.

For comparison with the second night's in situ data, we show
in Figure 10 the scintillations on 1.54 GHz and 257 MH2z
observed at Ascension Island on the night of December 16-17
and the respective autocorrelation intervals t to 0.5 decorrela-
tion. On this night periods of saturated GHz scintillations are

54
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observed in the premidnight period. Obviously the 257 MHz
scintillations are driven far into saturation and the 18 Hz
sampling rate is quite inadequate to resolve the variation of t
with scattering strength as was done on the night of December
14-15. In Figure 10, in contrast to the situation shown in
Figure 8, the S, indices at VHF do not attain values greater
than unity. The most likely reason is the inability of the receiv-
ing system to respond to the extremely fast fadings that limited
the signal cxcursions and rendered the data unsuitable for
spectral analysis. The AE transit 22790 occurs in the Ascension
Island sector when the second 257 MHz scintillation patch was
being observed and the one to one correspondence is with the
bubble marked II in Figure 2. No GHz scintillation is associ-
ated with it in kecping with the reduced (AN associated with
this bubble as discussed in section 2. The t values pertaining to
this second patch of the evening at 257 MHz varies between 0.9
and 1.8 s, which are approximately an order of magnitude
larger than those associated with the first patch. This agrees
with the earlier statement that measurable GHz scintitlations
are expected to be associated with t values smalier than 0.6 s.
Incidentally, the average drift measured by optically tracking
the 0040 bubble up to 0200 UT on the next AE orbit provides
us with an eastwarc dnift speed of 128 ms ™', a value very close
to that observed on December 14-15.

Finally, we present in Figure 11 four 3-min samples of satu-
rated (samples | and 4) and moderate (samples 2 and 3) GHz
scintillation data and their spectra. There are significant differ-
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ences between these spectra and those presented in Figure 9a.
The spectra show a two component structure with the spectral
slope p, being shallow (~ —1.5) between 0.25 to 0.55 Hz for
samples 2 and 3 and between 0.25 and 0.85 Hz for samples 1
and 4. At higher frequencies up to 2 Hz the slopes p, are quite
steep. being ~ —5.5.

Since the spectral slopes remain the same under both moder-
ate and strong scattering. it is tempting to associate this two-
component scintillation spectrum with the two-component in
situ spectrum discussed in section 2. However, if we a-sume the
average drift speed of 128 m s~ ' estimated by the airglow
technique then the {frequency of 0.25 Hz corresponds to ~ 500
m scale length, Thus the entire two component structure is
found to occur at scale lengths shorter than 500 m with the
steepening being observed at scale lengths ~ 250 m and shorter.
The 1in situ data, on the other hand. generally shows the steep-

_ening to occur at scale lengths near 500 m. Further, only a small

fraction ( ~ 5%, cf. Figure 7) shows steep in situ slopes between
—4 to —4.5, corresponding to the approximately ~5.5 slope
observed in the scintillation data. The agreement between the
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in situ and scintillation data can be improved. at least as far as
the scale length of the break 1s concerned. if a higher dnift
velocity ~250 m's ' is assumed. Earlier spaced recerver dnift
measurements by Basu et al. [1980] have shown that a factor of
2 enhancement in E-W drifts is not uncommon. particularly tn
the evening hours. In this regard, we wish to point out that the
two-component spectral structure is not always evident n
Ascension Island GHz data. but in general the roll off portions
can be described by a single steep slope varying between — S
and —6.

4. DiscussioNs

After attempting many equatorial campaigns with the collab-
oration of many ditterent individuals and organizations. it is
gratifying to note that we were finally able to obtain spatially
and temporally correlated topside in situ irregularity and GHz
scintillation data, in spite of Murphy's Law! This enabled us to
make a careful comparison of the features of in situ spectra and
unsaturated intensity scintillation spectra, the need for such a
comparison having been recognized many vears ago [Rufenach,
1975: Basu et al., 1976].

The primary feature of the high-resolution topside in situ
data that became apparent as a result of this study is the
realization that the spectral form of the irregularities in the
magnetic E-W direction, although power law. cannot be de-
scribed by a single spectral index. A persistent break in the
slopes 1s found between 500 m to 1.5 km with the longer scale
lengths over a decade showing shallow slopes on the order of
—1 to —1.5 and the shorter scales over a decade showing
steeper slopes on the order of —3 to — 3.5. It is, indeed interest-
ing to note that the irregularity spectra observed in the vertical
direction during the rocket flight at Kwajalein also showed a
similar break in the spectral slope at 500 m with the longer
scales showing a spectral index of — 1.5 and the shorter scales
exhibiting a steeper index of —3 [Rino et al., 1981]. Thus the
two sets of measurements both obtained in planes perpendicu-
lar to the earth’s magnetic field but one in a horizontal and the
other in a vertical plane, gave similar results. The high re-
solution AE-E data was also extremely useful in demonstrating
that spectra of weak intensity scintillations at 1.54 GHz ob-
tained in a colocated volume could indeed map the in situ
irregularity structures smaller than a km.

Livingston et al. [1981] had earlier used the low-resolution
{~2.6 km) AE-E data to do a comparative study of the in situ
irregularity characteristics with those derived from the VHF’
UHF phase scintillation measurements using the Wideband
sateltite. They found a systematic decrease in the spectral index
with increasing perturbation strength. They also showed that
the sume systematic decrease of the spectral index with increas-

ing perturbation strength was found in the measured phase
spectral indices. In view of the two-component horizontal
wave number spectrum discussed in this paper, the excellent
agreement obtained between the phase spectral slope and the
low-resolution in situ data by Livingston et al. can only be
interpreted to mean that the Wideband phase measurements
are sensitive to irregularities > 1 km, even though Figure 1 of
their paper shows that Wideband measurements cover irregu-
larity scale lengths up to 100 m. No indication of the existence
of a steeper slope at shorter scale lengths was obtained from the
Widehiand phase data. Indeed, Wideband cquatorial phase
spectral data have always shown slopes shaflower than - 3
whatever the scattering condition (¢f Figure 1 of Rino [1979]).
Thus 1t seems reasonable to conclude that cven 1in the weak
scatter reqame (where contamination due to diffraction is not
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expected), the Wideband phase data can only map the large
scale structures (> 1 km) and cannot provide any information
on density irregulanties smaller than a km. Our current high
resolution in situ and coordinated GHz scintillation measure-
ments have shown that it s possible to map smaller scale
structures with intensity scintillation data from geostationary
satellites.

For the propagation community it may be of some interest to
note that a study of the diffraction scales on the ground as
obtained from the auto-correlation intervais provides a very
good measure of the strength of scattering (as the irregularity
drift speed variation is small over a few hours). even though the
first-order statistics as represented by the §, index is completely
saturated. With simultaneous VHF and L band intensity scin-
tillation data, we have shown how well the auto-correlation
intervals of saturated 257-MHz scintillations track the vari-
ation of 1.54 GHz scintillation magnitude. In particular, we
were able to show that the auto-correlation interval is reduced
when the strength of scattering increases on walls of bubbles
and vice versa deep within bubbles. On a statistical basis, Rino
and Owen [1980], using orbiting satellites, and Umeki et al.
[1977] and Basu and W hitney [1983], using geostationary sat-
ellite data, have shown that under conditions of strong scatter-
ing, the inicnsity coherence time is controlled by the pertur-
bation strength, whereas in the weak scatter regime, the Fresnel
dimension is the dominant factor.

We have shown that the in situ trregularity spectra in the
equatorial region can be described by a spectral index ~ —3 to
—3.5 at scale-lengths shorter than 1 km. For weak intensity
scintillations at GHz frequencies, the scintillation spectra in-
dicate a variation of the power spectral density (psd) with
frequency (f)as/ *' at frequencies below the Fresnel frequency
(fex) and £ %% at £ > feq, which is consistent with the in situ
data. We have also demonstrated that at Ascension Island, the
irregularity environment is extremely intense and even the 1.54-
GHz transmissions are driven into saturation. Under such
conditions, both the 257 MHz and 1.54 GHz show the effects of
focussing with the S, index being as large as 1.2. The frequency
spectra, particularly at 257 MHz, at such times indicate steep-
ening of spectral slopes as high as f ~®. Recent numcrical com-
putations [Rino, 1980 Booker and MajidiAhi, 1981] for scatter-
ing by deeply modulated phase screens with power law type of
irregularitics indicate that the transition part of the spectral
slope steepens and approaches a Gaussian form. We wish to
emphasize that the observed level of phase perturbations com-
puted from the in situ data does indeed achieve the high levels
that are required for the Gaussian steepening to occur. For
instance, using the background density level of 3 x 10 ¢m *
and an irregularity amplitude of 25% with an outer scale of 10
km as observed in the Ascension [sland in situ data, (A¢ ?), the
square of the phase perturbations exceeds 10* (radians)® at 257
MHz by using the equations developed by Rino [1979]. The
numerical modeling etforts of Booker and MajidiAl [1981],
which predict steepening in the spectral roll oft, are based on
such high values of phase perturbation. Thus the observations
of (1) steeply sloped in situ density spectrum (p, steeper than
= 3), (2) the existence of a focussing regime(§, > 1), and (3) the
Gaussian steepening of the transition portion of the intensity
santillation spectrum are all mutually consistent and follow
theoretical and numencal computations [ Rino, 1980, Booker
and MuajidiAthi, 1981 ).

Before concluding vur discussions on scintillations we would
like to draw the reader’s attention to Figure t1, which illus-
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trated four data samples corresponding to botn moderate and
strong GHz sanullations. Each specirum s steeply sloped
{p. ~ - 6), and some nonstationarnty in the temporal structure
may be noted. This data sample corresponds to the carly even-
ing period when the in situ data reveals the presence of steep
spatial structures. [t is very Likely that such structures introduce
the observed nonstationarity in the scintillstion data and cause
the two-component steeply sloped spectra. Further studies are
currently being conducted with early evening 1n situ data and
courdtnated 3954- una (341-MHz saintillation data to clanfy
this problem.

One of the features of possible interest to plasma physicists
may be the extreme sharpness of the gradients that are ob-
served in the data. While the near midnight bubbie data that
was discussed in detaif showed gradient scale lengths on the
order of 100 m, the early evening bubbles that almost certainly
give rise to the saturated GHz scintillation showed gradient
scale-lengths as small as the resolution of the instrument,
namely 35 m. In their analysis of the lower hybrid dnft insta-
bility, which had been invoked by Huba et al. {1978] and Huba
and Ossakow [1979] to explain 1 m and 36 cm backscatter,
Sperling and Goldman [1980] derived an instability criterion
that depends on the ambient density. the gradient scale iength,
and the ion gyro radius of O ™ ions, which is on the order of S m
in the topside. Unfortunately, we do not have actual coordi-
nated radar measurements to prove that such short scale
lengths were indeed generated, but from the measurements
presented here it seems that the instability relationship may
often be satisfied within low-density bubbles and even on the
sharp edges of relatively high-density walls of bubbles. This
tends to indicate that the linear lower hybrid dnift instability
may explain the observed backscatter at the short scale lengths.
Kelley et al. [1982), on the other hand, using data from the
Plumex rocket, have shown that the data for Ly and plasma
density are such that the plasma was just on the stable side of
the lower hybrid drift wave marginal instability line.

The decay of the sharp gradients probably occurs through
the anomalous diffusion process as pointed out by Huba and
Ossakow [1981]. They used an expression for the anomalous
collision frequency based on Gary's [1980] treatment of the
anomalous transport properties associated with the col-
lisionless universal drift instability and determined that the
time scale for gradient scale lengths of Ly < scveral hundred
meters to decay by this process would be of the order of
minutes. The anomalous diffusion coefficient of the lower
hybrid drift instability is substantially smaller than that of the
universal drift instability and can be neglected [Gary. 1980]
Huba and Ossakow [1981] further point out that the radar
~ackscatter observed irregularities (<3 m) themselves can dis-
appear by cither classical or anomalous diffusion. They also
state that the scintillation causing irregulantics (~1 km)
cannot decay by cither classical or anomalous ditfusion because
both require oo much time (>8 hours). While anomalous
difluston scems to provide tme scales that are generally in
agreement with observations [Busw et al., 1978], it is important
to note that the bubble marked 7 on AE-E # 22759 still had
L, < several hundred meters (actually <200 m) associated
with 1t even though the local time is bevond 2300 LT. While we
do not have definite proof regarding the time of its generation,
1t i probably fair to assume that generation took place close to
2100 LT Thus quite sharp gradients can persist for, at least, a
couple of hours. On the other end of the scale, kilometer-sized
wregulanities as explored by santillation measurements once
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generated certainly do not last more than 8 hours or until £
region shorting tukes place at sunrise (¢.g., see Figure 10). Thus
it seems that some mechanism other than diffusion is probably
responsible for the decay of kilometer scale irregulanties.
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Occurrence of nighttime VHF scintillations near the equatorial anomaly crest in the Indian sector
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The behavior of nighttime F region irregularities ncar the northern crest of the equatorial anomaly
in the Indian sector has been investigated by using VHF amplitude scintillation measurements
made at Calcutta (27°N dip subionospheric) during the period April 1977 through February 1980.
With the increase in solar activity the occurrence of scintillations increases remarkably during
the equinoxes and to a lesser extent during the December solstice, while the local summer occutrence
shows little change. The observed patterns are assessed in terms of the variation of the F layer
height with solar activity and upwelling motion of the depleted flux tubes associated with small
scale irregularities. It is shown that the propagation path is more likely to intercept these equatorial
irregularities during periods of high solar activity, while during periods of low solar activity the
equatorial irregularities lie south of the propagation path.

INTRODUCTION

In recent years there has been an increasing
interest in the understanding of the physics of the
nighttime F region irregularities near the magnetic
equator [Basu and Kelley, 1979]. Even though a
number of techniques have been used to explore
the irregularities {Basu et al., 1980], the measure-
ment of scintillations of signals from satellites
remains the most widely used method for the study
of kilometer scale irregularities. In the context of
the current experimental and theoretical investiga-
tions it is apparent that the equatorial F region
plasma within an entire flux tube goes unstable
and takes part in an upwelling motion [Anderson
and Haerendel, 1979; Weber et al., 1980]. As a
result, the irregularities also occur north and south
of the magnetic equator.

Most of the long-term observations have,
however, been performed at locations like Huan-
cayo and Legon, situated very close to the magnetic
equator, and similar observations from stations off

'Presently NRC/NAS senior resident research associate at
the Air Force Geophysics Laboratory, Hanscom Air Force Base,
Massachusetts 01731, on leave from the University of Calcutta.
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the magnetic equator are lacking. Recently, an
extremely high level (>20 dB at 1.54 GHz) of
amplitude scintillation has been observed at Ascen-
sion Island (7.95°S, 14.4°W, 31.4°S dip), located
near the southern crest of the well-known equatorial
anomaly in F2 ionization in the African zone
[Aarons et al., 1981]. Although the above results
have focused attention on the problem, so far very
few long-term scintillation observations have been
reported from such locations. In this paper we
present some results of 136-MHz amplitude scin-
tillation measurements made during the 3-year
period April 1977 through February 1980 at Calcutta
(23°N, 88.5°E, 32° dip), which is situated virtually
below the northern crest of the equatorial anomaly.
We shall examine the seasonal variation of scintilla-
tion at this location during the above period and
show that both the level of scintillations and the
seasonal pattern are controlled by solar activity.
This, as we shall discuss, may be related to the
variation of the height of the F2 layer at the magnetic
equator with solar activity.

DATA

A polarimeter of the type described by Eis et
al. [1977] and received from the Air Force Geo-
physics Laboratory, Hanscom Air Force Base,
Massachusetts, has been in operation at the
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Fig. 1. Percentage occurrence of nightiime scintillations (S{ =
3 dB) at 136 MHz for different seasons.

Haringhata Field Station of the University of Cal-
cutta. This was used to record the amplitude and
polarization of the 136-MHz signal from the Japa-
nese geostationary satellite ETS 2 since April 1977.
This paper discusses the amplitude scintillations of
the signal recorded by the polarimeter. The record-
ing time constant of the system is 0.1 s and the
dynamic range is about 22 dB. The scintillation
index in decibels has been scaled manually every

15 min following the method outlined by Whitney

et al. [1969]. The subionospheric point, namely,
the intersection of the propagation path from the
station to the ETS 2 satellite with the 400-km
ionospheric height, occurred at 21°N and 92°E (dip
27°N). This subionospheric position is to the imme-
diate south of the northern crest of the equatorial
anomaly. It should be noted that in this longitude
sector the height of the 400-km subionospheric point
maps along the earth’s magnetic field to an altitude
of 800 km above the magnetic equator.

RESULTS AND DISCUSSION

Scintillations at Calcutta have varied considerably
during the period April 1977 to February 1980 when

the level of solar activity changed greatly. During
1977, the scintillation index at 136 MHz generally
ranged between 3 and 6 dB [DasGupta and Maitra,
1980] but in the later period the index attained
levels exceeding 22 dB and was often limited by
the dynamic range of the system.

Figure 1 shows the hourly percentage occurrence
of nighttime scintillation (scintillation index (SI) =
3 dB) on a seasonal basis for 1977, 1978, and 1979.
It is of interest to note that in 1977, a year of
low solar activity, scintillations were observed
mainly during the months of May-July. With the
increase of solar activity during 1978, scintillations
were also observed during the equinoxes (Feb-
ruary-April and August-October) and the December
solstice (November-January), in addition to the
May-July period. In 1979, the year of recent maxi-
mum solar activity, the equinoctial occurrence of
scintillations becomes much higher than that during
the May-July period and the activity during No-
vember-January also registers some increase.

The effect of solar activity on the seasonal
variation of scintillations is more clearly evident
in Figure 2, which shows the nighttime occurrence
of scintillations, ordered on a seasonal basis, as
a function of the 10.7-cm solar flux. It may be
noted that the occurrence during the June solstice
remains virtually constant with increasing solar flux
while the scintillation occurrences during the equi-
noxes and the December solstice increase with the
10.7-cm solar flux. It should be pointed out that
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the ATS 6 ubservations performed near the magnetic
equator in this longitude sector dunng the solar
minimum showed that nighttime scintillations occur
during the equinoxes and the December solstice
[Basu and Basu, 1981, and references therein].
Thus it appears that the equatonalirregulanities with
their characteristic seasonal pattern in the Indian
sector are intercepted by the propagation path from
Calcutta, located near the crest of the equatonal
anomaly, only during the period of high solar
activity. It should, however, be noted that the ATS
6 observations were made for only 1 year and these
conclusions should be verified by long-term ob-
servations at the magnetic equator in the Indian
sector.

Scintillations usually occur predominantly in the
time period before local midnight during the equi-
noxes, while there is no such definite pattern for
the other seasons. The temporal character of the
equinoctial scintillations at 136 MHz has been
observed to be patchy, the discrete patches lasting
for a few tens of minutes interspersed with abso-
lutely quiet periods. This character is very similar
to that observed near the magnetic equator by
Aarons et al. [19804]. On the other hand, scintilla-
tions observed during the May-July period in all
3 years, 1977-1979, indicate absence of discrete
patches and instead show one or two continuous
periods of scintillation activity lasting for several
hours. Scintillation patches in association with the
depletions of total electron content or bubbles have
been reported by Yeh et al. [1979] from their

L ¢ WMEAN SUNSPOT NUMBER
o SCINTILLATION OCCURRENCE

SCHITILLATION OCCURRENCE (%}
MEAN SUNSPOT NUMBER

1977 are 1979 1980

Fig. 3. Monthly varistion of scintillation activity. The open
circles show the monthly mean sunspot numbers.
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Fig. 4. Harmonic analysis of the monthly occurrence of night-
time scintillation during 1978 and 1979, shown by solid and
iashed lines, respectively. The annual and semiannual compo-
nents are shown around the corresponding mean or average
values given by the straight lines.

observations at Natal. At the present location, the
scintillation patches observed in the early evening
hours are found to be associated with fast fluctua-
tions of polarization when it becomes impossible
to determine the total electron conteat. However,
in the late phase, the polarization variations asso-
ciated with the scintillation patches become slow;
when analyzed, the variations indicate depletions
of total electron content. Similar features of po-
larization fluctuations in association with scintilla-
tion patches have been obtained at Ascension lIs-
land, near the crest of the equatorial anomaly, during
the recent period of maximum solar activity (J.
A. Klobuchar, private communication, 1981).

Figure 3 shows the percentage of time the VHF
signal scintillates (S1 = 3 dB) for the different
months individually. The monthly mean sunspot
numbers are also indicated in the diagram to facili-
tate the comparison of the scintillation patiern with
solar activity. As discussed in the previous para-
graph, a semiannual component corresponding to
the equinociial scintillations becomes progressively
more prominent with the increase in the solar
activity while the annual component identified with
scintillation occurrence during the May-July period
shows a decreasing trend relative to the semiannual
component (Figure 4). The average occurrence of
the dc component in 1979 is nearly double that
in the previous year.

The emergence of an equinoctial compoanent of
scintillations as well as a secondary maximum during
the December solstice at the crest of the (daytime)
cquatorial anomaly in F2 ionization during the
period of high solar activity is very significant. This
is in keeping with the seasonal variation of scintilla-
tions observed at the magnetic equator in the Indian
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sector during solar minimum period [Krishna-
moorthy et al., 1979, Basu and Basu, 1981]). As
mentioned earlier, the subionospheric locations of
the present observations are mapped along the
earth’s magnetic field to an altitude of about 800
km above the magnetic equator. Should the Fregion
irregularities above the magnetic equator extend
to altitudes of 800 km and above, the kilometer
scale irregularities at the magnetic equator are
expected to be mapped down the field lines to the
subionospheric location of the present observations.
With increasing solar activity, the equatorial F
region vertical drift velocity around sunset increases
[Fejer et al., 1979] and the height of the F region
maximum in the postsunset hours typically attains
altitudes of about 500 km. In the context of the
current theories of the generation of nighttime
equatorial irregularities and their upwelling motion
[Scannapieco and Ossakow, 1976], irregularities
near the magnetic equator may extend to altitudes
above 800 km and get mapped down to intercept
the propagation path from Calcutta. Thus the pres-
ent station is able to record the seasonal pattern
of the equatorial scintillation only during the years
of high solar activity. During the period of low
solar activity, scintillations which probably arise
from mid-latitude irregularities are recorded only
during the May-July period. As noted earlier, this
component does not exhibit significant variation
with solar activity.

Thus it seems that the scintillation occurrence
at the crest of the equatorial anomaly in the Indian
sector during the June solstice is due to mid-latitude
irregularities whereas the scintillation occurrence
during the equinoxes and the December solstice,
observed only during the solar maximum, is equa-
torial in origin. Therefore the seasonal pattern of
equatorial scintillation in the Indian sector is in
seeping with that of the American and African
sectors as reported by Aarons et al. [1980b] but
is different from that observed at Kwajalein and
Guam [Livingston, 1980; Aarons et al., 1980b].
The ATS 6 observations performed near the mag-
netic equator in the Indian sector over a limited
period during the solar minimum support the above
conclusion [ Krishnamoorthy et al., 1979; Basu and
Basu, 1981]. Long-term observations on the occur-
rence pattern of scintillation near the magnetic
equatorin the Indian sector are necessary to resolve
this question unequivocally.
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Generation of Kilometer Scale Irregularities
During the Midnight Collapse at Arecibo
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Coordinated observations of the incoherent scatter radar at Arecibo, Puerto Rico, and total electron
content/scintillation measurements made by using the 137-MHz transmissions from the geostationary
satellite SMS | from the nearby station of Ramey are studied to determine the background ionospheric
conditions necessary for the generation of kilometer scale irregulanities in the midlatitude ionosphere. It
is found that the well-known midnight descent or collapse of the F region known to occur in this part of
the world is sometimes associated with increases in the bottomside electron content, as well as large scin-
tillation events (~10 dB). From a measurement of vector ion velocities and electron densities during such
events, it is determined that the scintillations occur in a region of eastward and northward electric fields
coupled with a northward directed density gradient caused by the northward propagation of the mid-
night collapse. The role of possible plasma instability mechanisms, specifically the E x B gradient drift
instability and the Perkins instability, is discussed in the formation of the kilometer scale irregularities

giving rise to VHF scintillations.
1. INTRODUCTION

From the anlaysis of 16 months’ transionospheric propaga-
tion data taken near Arecibo, it was found by Kersley et al.
[1980) that there are associations between nighttime enhance-
ments and quasi-periodic fluctuations in total electron content
(TEC) and the occurrence of amplitude scintillations. In par-

ticular, they observed a postmidnight peak in the occurrence -

of electron content increases, maximum wave activity, and
largest scintillation activity. The motivation for the current
study stems from these findings. Similar observations have
been reported from Japan [Sinno and Kan, 1978; Fujita et al.,
1978), where larger scintillation events were observed most
probably because of the ficld-aligned nature of their propaga-
tion path.

The postmidnight time frame of the above occurrences
tends to focus one's attention immediately on the so-called
midnight collapse of the F region |Nelson and Cogger, 1971},
which is known to take place at Arecibo (18°N, 50° dip) at
that time. Nelson and Cogger [1971), using radar data, were
the first to point out that the height of the F layer typically de-
creases by 50-100 km after midnight at Arecibo. By using
data from a chain of ionosondes, they further pointed out that
the collapse starts first at latitudes equatorward of Arecibo
and progresses northward at the rate of 7.5° of latitude per
hour. A similar study based on ionosonde data was also made
by Wright [1971], who determined that the midnight descent is
associated with a poleward neutral wind. Later, Behnke aund
Harper [1973] and Harper [1973] showed that the midnight
collapse was due to an abatement, and sometimes o a re-
versal, of the equatorward meridional neutral wind.

In recent years there has been a spate of multitechnique ob-
servations at or near Arccibo that have provided more nfor-

Copynght © 1981 by the Amencan Geophysical Union.
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mation on this nighttime dynamical feature. Airglow observa-
tions at Arecibo by Sobral et al. [1978]) and Herrero and
Meriwether {1980] show a northward propagation of airglow
enhancements associated with the midnight collapse. Propa-
gation velocities of 350 m/s were obtained that are consistent
with the estimates of Nelson and Cogger (1971]. Harper {1979]
utilized a limited amount of incoherent scatter radar measure-
ments of ion drift velocities to infer that the change in direc-
tion of wind velocities determined by Behnke and Harper
[1973] and Harper [1973) formed part of a regular semidiurnal
tidal oscillation in the meridional wind at £ region heights. He
suggested that the midnight collapse of the F region is due to
the existence of these semidiurnal winds and interpreted
Sobral et al.’s [1978] measurements of the northward propaga-
tion of airglow enhancements as being also related to the tidal
origin of the collapse. It is interesting to note that as early as
1052, Mitra {1952] discussed the semidiurnal tidal origin of the
midmght descent of the F region at low-latitude stations.

Evidence for the existence of a midnight pressure bulge at
the equator (Hedin et al., 1974, Walker, 1980] has come from
in situ measurements, which could explain the midnight re-
versal of the meridional wind. The Atmosphere Explorer E
(AE-E) satellite has clearly shown the existence of a midnight
temperature maximum and the associated change in the wind
direction [Spencer et al., 1979). Mayr et al. [1979] have pre-
sented a theoretical analysis that shows that the pressure bulge
results from semidiurnal and higher order modes of the tidal
field. The semidiurnal tide in the ¥ region is the result of a
udal wave propagation upward from the lower atmosphere
and 4 wave generated in situ by ion drag interaction between
the dominant diurnal mode and the diurnally varying ion
density. Strong cancellation between these two sources is re-
sponsible for the vanabiliy of the phenomenon.

While there 1s a wealth of information on the large-scale
Jdynamics of the F region near Arecibo, information on kilo-

The U.S. Gavernment - a ithorized to reproduce and sell this report.
Permission for further repr duction by others must be obtained from
the copyright owner.
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Fig. 1. Geometry of incoberent scatter radar at Arecibo and TEC/scintillation observations with SMS 1 from Ramey.

meter scale irregularities is quite sparse. Mathews and Harper
[1972} made incoherent scatter radar observation of spread F
producing ionospheric structures during the course of ome
night at Arecibo. They came to the conclusion that the main
spread F event near midnight, during which the total electron
content (obtained by integrating the radar profiles) increased
considerably, was caused by tilts in the ionosphere. We will
provide information that such spread F events are definitely
associated with kilometer scale irregularities, as tilis alone
cannot explain our coordinated scintillation measurements. In-
direct evidence for the existence of plasma instabilities near
Arecibo was provided by Behnke [1979), who found that
sometimes the nocturnal F region over Arecibo has well de-
fined bands where the F region as a whole is alternately high
and low. He suggested that these bands are manifestations of
the so-called Perkins instability [Perkins, 1973). However, no
actual information on the concomitant generation of small-
scale irregularities was discussed in the paper.

The objective of the current investigation is to utilize radar
measurements of electron densities and vector ion velocities in
conjunction with TEC and VHF scintillation measurements
by using a geostationary satellite to determine the background
conditions necessary for the production of small-scale irregu-
larities. The necessity for making such coordinated measure-
ments was pointed out in the work of Basu [1978)], in which
she discussed how radar measurements could help identify
specific instability mechanisms. The idea is to determine
whether proper conditions ex:st tn the nighttime onosphere
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near Arecibo for the growth of plasma instabilities that could
explain the scintillation measurements.

2. OBSERVATION

The geometry of these coordinated measurements is given
in Figure 1. A polarimeter at 137 MHz [Eis et al., 1977] to rec-
ord the Faraday rotation of the plane of polarization of sig-
nals from geostationary satellites was operated by the Global
Air Weather Service at Ramey (18.5°N, 67.1°W). The satellite
being observed was SMS 1, located at 105°W. On a routine
basis, the magnetic field factor at a fixed altitude of 420 km
was used to convert the Faraday rotation angle into TEC. It
has been shown that under most conditions this yields the
content up to an altitude of 2000 km with an accuracy of +5%
[Titheridge, 1972). The scintillation index was computed in
decibels by following the method of Whitney et al. [1965]). The
350-km subionospheric point pertaining to these measure-
ments is at 17.3°N, 70.2°W, giving nise to north-south and
east-west separation of approximately 100 km and 300 km, re-
spectively, from Arecibo, where the incoherent scatter mea-
surements were made.

Observations made with the Arecibo incoherent scatter ra-
dar on three nights will be discussed in this initial report. Dur-
ing these nights, ion velocity measurements were conducted in
the F region by pointing the Arecibo antenna beam at an
angle of 15° to the zenith and rotating it to three azimuth po-
sitions 1n a manner similar to that discussed by Behnke and
Harper [1973]. More dctails on the measurement technique
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Fig. 2. TEC and scintillation mecasurements at 137 MHz on April
19-20, 1977.

are available in a manual by Harper and Ganguly [1977). To-
gether with the ion velocity measurements obtained with a
height resolutiva of 35 km and time resolution of 45 min, elec-
tron density profiles were measured with a height resolution
of 3.6 km and a time resolution of approximately 15 min.

3. RESULTS
a. Data of April 19-20, 1977

Coordinatzd TEC/scintillation observations at Ramey and
incoherent scatter observations at Arecibo were available for
April 19-20, 1977, The relative variation of Ramey TEC ob-

APRIL 19-20, 1977

A AT st -

7609

tained in the routine marner iadicated in section 2 and scintil-
Jation index in decibels observed that night are shown in Fig-
ure 2 as a function of Atlantic Standard Time (AST). It
should be noted that a change of | TEC unit represents a
change of 10'* ¢l m~? in a vertical column. The fall in the TEC
after sunset is interrupted at 2200 AST by a wavelike per-
turbation. At 2400 AST a rapid drop in TEC is observed,
wrhich is followed by ar increase at 0100. We shall show later
that most of the increase ic TEC is apparent and is caused by
the midnight collapse of the F region. The scintiliation activ-
ity is weak, less than 2 dB between 2100 and 2300 AST. The
Arecibo ionograms for the night show large sporadic £ activ-
ity with f,E, reaching as high as 6 MHz at 1945 AST. The
weak scintillations seem to be associated with the transition in
the £, character from blanketing to nonblanketing at frequen-
cies above 2.5 MHz. Our major interest, however, is the rela-
tively large amplitude fluctuation of 9 dB found to occur in
the postmidnight phase in association with the gradients in
TEC as monitored by the Faraday rotation technique. At this
time Arecibo ionograms show well developed frequency-type
midlatitude spread F.

To compare the TEC behavior at Ramey with the radar
measurements at Arecibo, we show in Figure 3 the equiden-
sity contours obtained from incoherent scatter density mea-
surements at 15-min intervals. Wavelike perturbations similar
to those observed in TEC data are seen in the 2200-2400 local
time period, followed by a precipitous drop in h,, commencing
shortly after midnight that is identified with the collapse of
the F region. The marked descent of the F layer and the de-
crease of its thickness is reproduced as the steep gradient in
the Ramey TEC data at midnight. The large scintillation
event observed on this night seems to be related to this steen
gradient. The apparent postmidnight TEC increase associated
with the clear enhancement in peak density is a result of the
collapse, as will be shown later.

A comparison is made in Figure 4 between the TEC mea-
surements obtained by the polarimeter at Ramey and the con-

ARECIBO, PR

AST -

Fig. 3. Electron density contours obtained by incoherent scatter radar observarions on Apni 19-20, 1977
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Fig. 4. A comparnison of TEC obtained by the numerical in-
tegration of electron density contours shown in Figure 3 with that ob-
tained by the polarimeter technique with a constant magnetic field
factor at Ramey on April 19-20, 1977.

tent obtained by integrating the electron density profiles up 10
475 km. The Ramey TEC is computed every 15 min on an ab-
solute scale (as opposed to the S-min time resolution plot of
relative change of TEC shown in Figure 2) to make the tem-
poral resolution compatible with the Arecibo profiles, which
are obtained with a 15-min time resolution. In the pre-
midnight hours there may be some suggestion of an equa-
torward wave propagation as observed by Kersley et al. [1980],
since the TEC perturbations seem to start earlier at Arecibo.
This is more clearly observed on the night of November 16-
17, 1976, which we will discuss later. However, the midnight
collapse and the resultant TEC increase seem to occur simul-
taneously within the accuracy of the measurements. The
north-south separation of the two stations is only 100 km, and
if the poleward propagation of the midnight descent is of the
order of 350 m/s as determined by Sobral et al. [1978], then
only a 5-min delay is expected at Arecibo, which would be im-
possidle to detect with a 15-min averaging process.

The interesting aspect of these observations is the increase
in the integrated electron densities up to 475 km as a result of
the midnight descent of the F region. At first glance, one
would expect that in the absence of production, a decrease of
density should result from the downward motion of the F
layer, which carries the ionization into regions of higher loss.
To study this point further, we show in Figure 5 the temporal
variation of the vertical velocity V, measured by the radar at
different altitudes. The approximate uncertainty in V, is of
the order of 5 m/s as indicated in our diagram (Figure §5)
[Harper and Ganguly, 1977). 1t is apparent that the plasma at
higher altitudes in the postmidnight period is descending at a
faster raie than the plasma at lower altitudes, with the result
that the plasma tends o pile up in the region of the peak and
below it [Mahajan and Saxena, 1976). In the following para-
graph, we shall attempt to show that the increase of TEC im-
plicd hy the polarimeter is merely a resnlt of the plasma
pieup at lower altitudes cavsed by the ceilapse.

BASU ET AL.: MIDNIGHT COLLAPSE AND IRREGULARITIES AT ARECIBO

It may be recalled that the Faraday rotation 2 in radians
for a one-way passage through the ionosphere is given in mks
units by

Q= ———2'36;: 10 / (B cos 8 sec x)Ndh a

/]

where B is the local magnetic flux density (in Wb m™), 6 is
the angle between radio wave normal and magnetic field di-
rection. and x is the angle between wave normal and vertical
|Rishbeth and Garriott, 1969]. Conventionally, the magnetic
field factor is evaluated at a fixed altitude and taken outside
the integra! for the determination of TEC. As was mentioned
earlier, Titheridge [1972] has shown that the use of a fixed alti-
tude of 420 km yields, for most purposes, the TEC up to 2000
km with an error of £5%. By using the fixed altitude of 420
km, the increase in TEC shown in Figure 4 between 0030 and
0100 is 1 TEC unit, which is approximately a 5% increase. In
Figure 6 the plot of magnetic field factor B cos # sec x against
altitude 1s shown for the Ramey station when observing in the
direction of SMS 1 at 105°W. The figure indicates that the
field factor increases by 5% per 100-km decrease in the aiti-
tude of the centroid of ionization distribution. Between 0030
and 0100 AST, the height of the F region maximum decreases
from 325 km to 250 km. If the shape of the ionization distribu-
tion remains unaltered during this period, the centroid of ioni-
zation distribution will be depressed in altitude by the same
amount as the F region maximum, namely 75 km, which will
account for a 4% increase in the value of the field factor. As a
result, the TEC increase of 5% derived under the assumption
of a constant height of 420 km for the centroid is reduced to
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Fig. 6. The variation of the magnetic field factor B cos @ sec x with
altitude for Ramey when viewing SMS 1 at 105°W.

only 1% when its height variation is considered. In this con-
text, we note that the increase in the integrated density to 475
km as obtained from the radar observations implies that there
is a redistribution of plasma during this period of time rather
than an actual increase in the integrated content up to 2000
km.

By determining the net difference between the quantity
TECRamey- TECa,ecvo (after correcting the Ramey TEC for
height changes as discussed above) at two specific times, for
instance 0030 and 0100, it is possible to compute the vertical
flux into the ionosphere at an altitude of 475 km. By using this
procedure, one obtains 7 X 10'2 m~2 s™* for the flux into the
ionosphere during the period 0030-0100 AST. This flux is the
product of the density at 475 km and the vertical velocity V,
at the same altitude. Since the measured density at 475 km is
10'* m~* (cf. Figure 3), we obtain for V, at 475 km a value of
70 m s~', which is about a factor of 2 higher than the radar
measurements of V, at 475 km at the same time. Considering
the 100 km north-south separation of the TEC measurements

ARECIRD, PR ION VELOCITIES

APRIL 19-20, 1977

Vg

msy e

2T 5 Ty s o 2 A a

Fig. 7. lon velocity parallel and perpendiculas to the magnetic field

observed at Arecibo on Apni 19-20, 1977.
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and the Arecibo radar, this agreement is fairly good. The TEC
related computations are presented to provide the reader with
a better understanding of the large-scale changes taking place
in the ionosphere during the collapse and are not directly re-
lated to the generation of kilometer scale irregularities.

We shall next discuss the behavior of the ion velocity com-
ponents around midnight, investigate their origin, and deter-
mine their special characiernistics in relation to the generation
oi kiiometer scale irregulariies. The Arecibo ion velocity
components parallel and perpendicular to the magnetic field
in the F region obtained on Apri 19-20 are shown in Figure
7, the uncertainties in the measurements (~20 m/s) being
shown in our diagram [Harper and Ganguly, 1977]. The veloc-
ities at any particular time are those obtained by averaging
over five or six of the individual altitude measurements at in-
tervals of approximately 30 km between 200-km and 490-km
altitude. Only those measurements with the best signal-to-
noise ratios were chosen. The velocities then are not at con-
stant altitude but tend to follow the F layer peak. Two large
fluctuations are seen between 2300 and 0100 hours when V|,
the component of ion velocity parallel to the magnetic field,
and V,, are seen to be anticorrelated and in opposite direc-
tions. Polarization electric fields give rise to such anti-
correlated velocities as discussed by Behnke and Hagfors
[1974]. A comparison of Figures 3 and 7 shows that the posi-
tive phase of ¥, between 2300 and 2400 LT is associated with
an upward movement of h,, while the negative phase is asso-
ciated with the rapid downward movement as is to be ex-
pected. Vasseur [1969] and Rishbeth [1970] have shown that V)
is the sum of a plasma diffusion term V, and a neutral wind
term V,. Taking upward velocities as positive

Vi=Vat+t V,=V,+ Ucos T )

where U is the horizontal wind speed in the magnetic meri-
dian (positive equatorward) and 7 is the dip angle (50° for
Arecibo). Rishbeth [1970] has further shown that for a large
downward drift, the diffusion velocity is small and ¥V, ~ V.
At 0100 AST, V, in Figure 7 is —45 m s™'. Thus at this time
the poleward wind U is of the order of 60 m s™', which is
probably an upper limit because we have neglected V.

We draw special attention to the fact that ¥, changes from
a southward to northward direction near midnight. In addi-
tion, we have shown that a steep density gradient is generated
during the midnight collapse. As was mentioned earlier, the
Ramey station detected a sudden onset of scintillations at this
time. To determine the total electric field configuration during
the scintillation event, we present the zonal component of the
ion drift ¥, in Figure 8. In the midlatitude F region this is
caused by a north-south electric field. The southward electric
field. giving rise to an eastward drift, changes sign just prior to
midnight, when a westward drift is seen. This is a fairly regu-
lar occurrence in all seasons at Arecibo [Fukao et al., 1979,
Ganguly et al.. 1981]. The magnitude of the westward drift is
somewhat larger than usual and is probably related to the
magnctically disturbed conditions prevailing on the night of
April 19-20. Combining Figures 7 and 8, we find that at mid-
night the ion drift has westward and northward field-per-
pendicular components that are equivalent to northward and
vastwand ciccine ficldy, respecuvely.

In summary, then, the midnight collapse observed at Arecibo
1s probably related to a northward neutral wind. We have also
shown that under the conditions favorable for the develop-
ment of a polanzation electric field, the neutral wind can give
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-.::s APRIL 19-20, 1977 ARECIBO. PR 10N vELOCITIES was necessary for small-scale irregularity generation on the

".-: night of April 19-20. However, when Figures 10 and 11 are

o combined, then it becomes evident that the first positive oscil-

lation of V, after midnight does not have any density gradi-
ent associated with it, while the second such oscillation has
the collapse-associated density gradient occurring simultane-
ously. The east-west drift pattern on this date has not been
shown. However, it is found that the drifts reversed from east-

S ""‘ s

= ward to westward near midnight, so that the scintillation
o event was also associated with a northward electric field simi-
lar to the situation prevailing on April 19-20.
A ¢. Data of March 16-17, 1977

:"-; o @ 2z # 24 o 03 TTey T TTEd T o8 Finally, we shall present the correlated observations of

Rt AST — . .
1 \: Fig. 8. The north-south and east-west components of ion velocity at TE(;I/ S1 alm“l rada;' vs:l.ocuy mcas:lreme:ls on aAmg?ll:OWI‘;:c.n no
&y Arecibo on April 19-20, 1977, small-scale irregularities were observed near Arecibo. Figure
Y 12 shows the TEC behavior with the usual sunset decay ob-
\ ) . oo ] served beyond 1800 AST and no major wavelike per-
N rise to anticorrelated ¥, and V,, as shown in Figure 7. During (,;rbations or steep gradients being present throughout the
x the collapse, the p!asma'dnft in the vertically downward di- piohy No scintillations were recorded. The F region peak den-
Ry rection increases with altitude, so that plasma pileup occurs in ity and height measurements made by the Arecibo radar that
e the bottomside ionosphere resulting in an increase of the bot-  pjghy are shown in Figure 13. The features to note are the de-
N tomside electron content. Scintillations are observed in con-  yeq midnight collapse at 0200 AST and the rather gentle na-
s Jjunction with the midnight coliapse in an environment of a ture of the collapse with h,, falling 100 km in 3 hours, fol-
A steep_density gradien.t'and northward and westward field-per- | wed by a very weak N,, increase near 0400. The gentle
- pendicular ion velocities. nature of the collapse leaves a barely recognizable signature
\:}‘ b. Data of November 16-17, 1976 on the TE? measusements in the fqrm 9!’ the small increase
o L. . near 0400, in contrast to that shown in Figures 2 and 9, where
S A similar set of measurements as those discussed above Was (e faster plasma pileup led to much more prominent increase
[\ available for the night of November 16-17, 1976. The Ramey ¢ N, and sharper associated gradients. The ion drift veloci-
{ TEC. behavior shown in Figure 9 l.IaS a smaller increase of ap- ;e V, and V,,, for the night are shown in Figure 14. The V,,
proximately one-half of a TEC unit centered at 2200 AST and ¢ weakly negative up to 0300 AST, beyond which the direc-
) another larger increase of | TEC unit centered at 0300 AST. 4io changes over to being slightly positive. Thus on this night

The TEC behavior is very similar to the average December ;5 predominant northward drifts (i.c., eastward electric field)

NN

_’-‘. l?76 picture sh'own in Figure 6 °‘: Kersley et al. “9_80]- As was  or appreciable density gradients were observed near Arecibo
N discussed previously for the April 19-20 event, this apparent ;;, conjunction with the midnight collapse, as was the case on
s postmidnight TEC increase observed by Kersley et al. [1980], pe other nights discussed earlier.

as well as in Figure 9, is obtained as a result of the midnight
collapse and the associated plasma pileup at low altitudes, as NOV 16- 17, 1976 RAMEY . P R
determined from the radar measurements shown in Figure 10. '

e

SMS | 137 MH2

:-' A moderately large scintillation event of 6-dB peak-10-peak

& fluctuation was observed at 0200 hours in conjunction with
& the collapse-generated gradient. On comparison with the tTEC UNT
P maximum density measured by the Arecibo radar in Figure
e 10, it is evident that both TEC increases obtained with a con- TOTAL ELECTRON CONTENT

op stant mean field factor have clear, unambiguous counterparts

~ in N,. While the first increase occurs at the earlier time of )
f : 2120 AST at Arecibo, the second, larger increase is centered at
‘N 0300 AST, the time of a similar increase at Ramey. Thus con- L L
! !; sidering the geometry of these observations shown in Figure 1, o 20 25 33 24 o oz o5 o0 o5
) one obtains the signature of an equatorward propagating
7 wave i1 the premidnight hours, the velocity of propagation
{:: being only about 50 m/s if the direction is due north-south. or

' ‘ As on the night of April 19-20, 1977, it is not possible to de- SCINTILLATIONS

- termine the delay in the larger postmidnight increase at the I sr

:- two stations, which, according to h,, behavior, is obviously 3
i due 1o the midnight collapse. 2 ar

The ion velocities in the meridional plane on the night of

- November 16-17 show a more complicated behavior than that 2
' observed on April 19-20, with several large-scale oscillations L .

~ being evident in Figure [1. [t 15 interesting to note that scintil- AT T e e e s oa aom
a. laticns are associated with the second oscillation for which ant -=
‘i V.~ is positive (after 0100 AST), a situation that we faund i 9. Same as in Fagure 2 for November 16-17, 1976
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Fig. 10. Variation of H,, and N, deduced from Arecibo incoherent scatter radar measurements on November 16-17,
1976.

4. DISCUSSION

The coordinated radar and TEC/scintillation measure-
ments on the basis of the limited data set available have
shown the association of the kilometer scale irregularities with
the existence of a northward component of the ion drift and a
moderately sharp density gradient in the F region. The north-
ward component of the ion drift is, of course, due to an east-
ward electric field in the £ region. Ganguly er al. {1981] have
provided evidence for the origin of this electric field. For in-
stance, following the arguments for a polarization electric
field in the F region given by Rishbeth [1971], they show that
the temporal variation of ¥, as measured at Arecibo is well
approximated by the temporal variation of N, Uy, sin /, where
N, is the maximum density of the F region and U\ sin / is the
field perpendicular component of the northward neutral wind
Uy, I being the magnetic dip. Now the product N, Uy is the
most likely candidate that will cause temporal variations in
the field perpendicular ion current, which is generated by the
polarization electric field. According to Ganguly et al. (1981]),
since the temporal variation of V', closely follows the north-

NOVEMBER 6-17,1976
RO~

60+

ARECIBO. P R

ward neutral wind variation, the polarization field in the F re-
gion would have to be the dominant cause of nighttime elec-
tric fields near Arecibo. These polarization electric fields can
be maintained because the conducting £ layer is separated
from the F layer by the low-density valley region, which acts
as a resistive medium {Klevans and Imel, 1978]. If, on the
other hand, the penetration of the magnetospheric electric
field is responsible for the eastward electric field observed,
then a delay of several hours is expected in the response of the
neutral wind because the ion drag time constant in the F re-
gion is a few hours at night [Rishbeth et al., 1978).

Given the association of the small-scale irregularities with
dnifts and gradients, the E x B gradient drift instability [Reid,
1968] would seem to be a strong candidate. For this instability
to be operative, one would require a density gradient that is
parallel 1o the ion drift. This drift is found to be northward
during the scintillation events. The horizontal density gradi-
ent, we have seen, is caused by the midnight collapse. Though
our own two closely spaced stations could not detect any
northward propagation of the collapse, the airglow measure-
ments of Sobral et al. [1978) and Herrero and Meriwether

1ON VELOCITIES
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Fig. Il Same as in Figure 7 tor November 16-17, 1976.
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Fig. 12. Same as in Figure 2 for March 16~17, 1977.
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[1980] covering a much larger area have conclusively proved
that the collapse moves from south to north, We believe that
this northward propagating collapse generates a northward di-
rected density gradient, thus fulfilling the requirements of the
gradient drift instability. What kind of growth times are to be
expected? Linson and Workman [1970) have shown that in the
F region the expression for the typical growth time of the in-
stability, which is independent of the wavelength, is simply
given by d/V,, where d is the gradient scale length and V, is
the ion drift in the same direction. From the radar measure-
ments we find that just prior to the onset of irregularities, the
field-perpendicular gradient scale is on the order of 50 km
pear the F peak in the bottomside. This figure is obtained by
converting the temporal variation of the ion densities at the
same altitude to a spatial variation by considering the ion ve-
locity, which is 60 m s~ in a field perpendicular direction

MARCH 16-17, 1977 ARE

400['
380}
360+

Hpay (0
8

280 'L

|
260+
240+

TR T 36T R 22 2)

AST .

(corresponding to an eastward electric field of 2.2 mV m™').
Thus the growth time becomes on the order of 15 min.

The velocity measurements, as pointed out in section 2, are
obtained with a time resolution of 45 min. Behnke [1979], on
the other hand, determined much larger ion drifts with a con-
tinuously rotating antenna mode developed earlier by Hagfors
and Behnke [1974)] and a time averaging of only 15 s. He ob-
tained drifts as large as 175 m s™' and 470 m s™' corresponding
to eastward electric fields of 6.5 mV m~' and 17.2 mV m™', re-
spectively. We have also found occasional evidence of large
northward ion drifts in ion drift meter data from the AE-E sat-
ellite (data courtesy of W. B. Hanson and J. P. McClure) near
the location of Arecibo in the postmidnight hours, which we
plan to discuss in a forthcoming paper. lon drifts of the order
of 250 m s~' were measured with an averaging over 3 s of
data. If a value of 250 m s~! is used for the drift, then the
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Fiz. 13, Same as in Figure 10 for March 16-17. 1977
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Fig. 14. Same as in Figure 7 for March 16-17, 1977,

growth time may be shortened to approximately 3 min, which
is probably more consistent with the rather abrupt onset of
scintillations.

A further discussion of the configuration of the electric
fields during scintillation events is necessary to determine
whether the so-called Perkins instability [Perkins, 1973] can be
invoked to explain our measurements. It may be recalled that
this instability was invoked by Behnke [1979] for an ex-
planation of his observations at Arecibo. Perkins showed that
the commonly observed equilibrium in which the nighttime F
layer is supported by E x B drifts is unstable if, in addition to
the supporting eastward electric field, a northward component
of the electric field exists. Further, in Perkins’ derivation of
the linear growth rate an equilibrium was taken where both
the field line integrated Pedersen conductivity and field [ine
integrated ion number density were assumed to have no hori-
zoutal gradients. As pointed out in section 3, the scintillation
events on both April 19-20, 1977, and November 16-17, 1976,
were observed during a period of eastward and northward
clectric fields in the ionosphere, in keeping with the necessary
conditions for the Perkins instability. Howevcr, we have also
determined that besides the above electric field configuration,
a zero-order horizontal density gradient is essential for the
generation of kilometer scale irregularities.

More suitable for comparison with the present set of obser-
vations is, therefore, the modification of the Perkins mecha-
nism suggested by Scannapieco et al. [1975]. This model starts
with the same dynamical equations developed by Perkins but
assumes an initial equilibrium that has a long wavelength var-
iation of the integrated Pedersen conductivity in the eastward
direction. Thus this mechanism is of the E x B type. It is also
more suitable for comparison with data, as the authors foilow

that are sheetlike and more aligned in the east-west direction.
These authors, as well as S. L. Ossakow (private communica-
tion, 1980) further claim that a long wavelength variation in
conductivity in the north-south direction (such as we see in
the present situation) will act equally well, provided the east-
west field is large enough, giving rise 10 structures with align-
ment more in the north-south direction.

The important point to note from their numerical simula-

of Arecibo) is the growth of smaller scale structures (~1 km)
at late times (~5 min) from their initial large-scale structures
(approximately tens of kilometers). This shows that there is a
cascading of energy from long wavelength modes 0 shorter
wavelength modes, as well as the development of axially
asymmetric irregularity structures. While our scintillation
data are consistent with the simulation growth times, unfortu-
nately, our one station geostationary satellite measurements
are unable to shed further light on irregularity orientation,
and spaced receiver measurcments of scintillations are neces-
sary to test this important prediction. Thus on the whole, our
current set of observations tends to favor the E x B type insta-
bility over the Perkins instability for an explanation of the kil-
ometer scale irregularities at midlatitudes.

As a further point of interest, we wish to emphasize that the
midnight collapse takes place even on nights when no scintil-
lations are observed. Indeed. vertical velocity data for the night
of March 16-17, 1977 (when no kilometer scale irregularities
were observed, as shown in Figure 11) were used by Harper
[1979] to prove the tidal origin of the collapse. It seems that
the rate of collapse that effectively controls the magnitude of
the gradient and the simultaneous presence of northward di-
rected ion drifts are important factors. This also explains the
relatively sparse occurrence of large scintillation events, al-
though Nelson and Cogger [1971} determined that the collapse
occurs during 80% of the nights at Arecibo.

These large but sporadic scintillation events are observed
on geomagnetically quiet as well as on disturbed nights. The
night of April 19-20 was disturbed and the other two nights
discussed were quiet. While it is true that in this instance the
magnetically disturbed night showed the largest activity, we
have seen many other cases of large scintillation events on

XA, the evolution of the instability into the nonlinear regime. The quict nights. Unfortunately, radar data are not available for
o authors show that the perturbations (about the above equilib-  those nights. It is also necessary to assess the role of waves in
'{:—" rium) whose wave vectors are in the north-south direction will sharpening the gradients associated with the midnight col-
L '1 . grow, provided the north-south electric field is large enough, lapse. Further coordinated observations of radar, TEC, scin-
2 and give rise to irregularity structures in the nonlinear state ullation, airglow. and AE-E in situ measurements are planned

to study in depth the complex interrelationships of winds and
waves, drifts and gradients in the creation of plasma in-
stabilities in the midlatitude ionosphere.
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ABSTRACT

Faraday rotation observations were conducted at Haifa, Israel (32.87°N,

35.099E) and Athens, Greece (37.97°N, 23.72°E) during the maxfimum phase of the
current solar cycle using the VHF beacon of the SIRIO satellite. The subiono-
spheric points (at 420 km) are (29.9°N, 27.9°E) and (34.50N and 18.4°E) and

the subionospheric L-shell values are 1.24 and 1.37, respectively. Expected
latitudinal and local time differences in total electron content (TEC) for the

two locales are observed. However, the Haifa data are characterized by

generally occurring, seasonally independent, large post-sunset electron content
maxima which are absent for the Athens data. Furthermore, the post-sunset increases
would appear to be a solar maximum phenomenon as they are not observed during the
minimim phase of the solar cycle. The post-sunset increases are attributed to
electron fluxes arriving from the equatorial regions along the magnetic lines of
force. The correlation coefficients of hourly TEC at the Haifa/Athens locales
exhibit a seasonally independent diurnal variation with minimum values at night

and maximum values generally at the end of the buildup phase of TEC variation.

The daytime ratios of the standard deviation of TEC to the average TEC are generally
seasonally independent and behave quite similarly at the two locales with daytime

values below ~25%.
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INTRODUCTION

Total electron content (TEC) measurements were made at Haifa, Israel (Soicher
et al, 1982) (32.870N, 35.09°E) and Athens, Greece (37.970N, 23.720E) by
monitoring the polarization rotation of VHF transmission from the geostationary
SIRIO Satellite which is located at 15%W. The subfonospheric points (i.e. the
coordinates of the point at which the path from the satellite to the observation
station intersects a mean ionospheric altitude of 420 km) for the Haifa and Athens
locales are (29.99N, 27.9°E) and (34.50N, 18.4°), respectively; the invariant
latitudes are 26.20 and 31.40, respectively; the magnetic dip angles are 41.80
and 48.4°, respectively; and the L-shell values are 1.24 and 1.37, respectively.
The ionospheric characteristics observed are considered to be those which are
prevalent at the subionospherc points rather than at the locations of the recefving

apparatus. The beacon frequency of SIRIO used in the observations was 136.14 MHz.

The transmission from the satellite was continous except for an occasional
deliberate shut down of the satellite beacon for power conservation requirements.
Occasional interference and loss of power at the receiver site have also caused some

data gaps.

At any one location , TEC is a quantity that is observed to vary diurnally,
from day to day, seasonally, with the phase of the 11 year solar cycle, and 1in
response to ionospheric disturbances. The data here was taken during the maximum
phase of the current solar cycle, (cycle 21, which is a relatively high one in
comparison to other cycles), and thus the TEC values represent maximum expected

values in this region of the world.
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2 THE DATA
\"\
(v‘ The superimposed diurnal variation of 15-minute TEC values, normalized to
N the vertical direction, grouped in monthly intervals for the calender year 1980
'
5§ at the Haifa and Athens locations are shown in Figs 1 and 2, respectively. The
3 . monthly averages of the TEC data for the same months are displayed in Figs 3 and
W 4, respectively.
2
A2 At both locations the daytime TEC maximizes at the equinoxes (the spring
W
B (vernal) equinox has larger absolute TEC values then the autumnal equinox),
N
N and minimizes at the summer periods.
8
%*3 : At both locations the electron content increases rapidly after local sun-
P
i: rise. The rate of increase is quite steep for the equinoctial and winter periods
(4]
Qf‘ and significantly slower in the summer period. After reaching a diurnal maximum
Wy
<N the TEC begins to decrease fairly rapidly. However, the Haifa TEC data are
{
;ﬁ characterized by generally-occurring seasonally-independent large, post-sunset
N
;*ﬁ increases which last for two to three hours, These increases are generally absent for
NEY
N the Athens data. For Haifa, the TEC, after reaching a diurnal maximum, begins to
‘}g decrease fairly rapidly. Following the maximum, TEC may gradually decay to reach
;gf a minimum just prior to the next sunrise. On many days, however, TEC may reach
;? a secondary maximum quite dramatically. The peak of the secondary enhancement
i occurs at about 1800 UT, {.e. about an hour or so after local sunset. The post
o
i sunset TEC increase. is observed at most seasons but is most pronounced in the late
, ¢
Eii equino'{ial and winter periods. For Athens the TEC secondary increase is rarely
Eﬁ observed, and after the diurnal maximum fs reached the TEC gradually decays to its
e
I;ﬁ minimum value.
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Some of the gross characteristics of TEC are similar at both locations.
For example the sharply lTower daytime TEC values on June 27, 1980 and the
sharply larger TEC daytime values on September 9, 1980 are common to both
locations in comparison to adjacent days. However, some of the less obvious
variations (e.g. travelling ionospheric disturbances) are unique to the in-

dividual Tocation.

On the monthly average curves the post-sunset increase is averaged out,
but a change of slope is noticeable in the Haifa data (Fig 3), while it is totally
absent for the Athens data (Fig 4).

For comparison purposes TEC data for November 1975 taken at Haifa using the
VHF signal of the geostationary ATS6 Satellite which was located at 350F is
shown in Figure 5. The period of observation was near the minimum phase of the
solar cycle. The geographic subionospheric point was at 30.1°N, 35.19F; the
invariant Tatitude is 26.49; the magnetic dip s 42.79; and the L-shell value
is 1.25. The solar cycle variation of TEC is expressed by the near 5:1 ratio
in maximum TEC values during 1980 as compared to 1975. The 1980 post-sunset
maximum is absent for the 1975 data, however there are indications of morning

maxima in the 1975 data.

The hourly averages of TEC at Haifa and Athens for the equinoctial, summer
and winter periods are shown in Figure 6. During the winter and spring equinox
the Haifa TEC values are always larger than the corresponding Athens values.
During the fall equinox the Haifa values are larger than the Athens values at all
times except the pre-dawn period and the initial decay period after the diurnal
maximum. During the summer, Athens values are larger than the corresponding
Haifa values except during the dawn hours. While 1t 4s expected that the lower

latitude ionosphere observed from Haifa will exhipit a higher TEC than the one

...............
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observed from Athens, due to higher solar zenith angles, the summer data are

surprising.

The day-to-day variability of TEC is clearly exhibited by the superposed
dfurnal curves of Figures 1 and 2. The variability is best described by the
standard deviation of the daily TEC values from the average monthly values.

Of more practical significance is the ratio of the standard deviation to the
mean TEC values as a function of time. Such ratios are plotted for the various
seasons for the Haifa and Athens locales in Figure 7. It is seen that during
the daytime the ratios are reasonably constant, independent of location and
season, and rarely attain values above #25%. During the night the ratios
behave more erratically and are much higher in value. This suggeststhat there
is an frreducible ionospheric variablity which, upon normalization by the mean

TEC, will be less by day than by night.

Using the smoothed hourly values of TEC from the Haifa and Athens stations,
shifted to corresponding local times, correlation coefficients for the two locales
were calculated for seasonally representative months as a function of universal
time (Fig 8). The error bars represent 95 percent confidence 1imits, assuming a
Gaussian distribution of values about the mean. The correlation coefficients
exhibit a seasonally independent diurnal variation with minimum values at nicht and
a steep increase towards maximum values generally at the end of the buildup phase

of TEC variation. The general trend is for the coefficient to gradually decline

after reaching the maximum, although some variab{ility is observed.

2 N
e
._'- Y% Y

;};& Another approach {s to cross correlate, between the two stations, the TEC

?EEE values over continous time intervals and the varfability of TEC values from thefr
i?%? monthly mean contours. By calculating the coefficient for the varfabilities,

Egg rather than for the actual values of TEC, any possible {nfluence of the different
;Eéi diurnal contour shapes of TEC is eliminated. The correlation is done for TEC values
éég and variabilities during three time7;ntervals; 00-04 UT, 00-24 UT and 1600-2200 UT.
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The first time intervals represents the nighttime, the second represents the
full diurnal period, while the third represents the time period during which

the post-sunset maximum occurs in Haifa. The results are shown in Table I.

As expected, the correlation coefficients for the actual continous TEC
values are always higher than the corresponding TEC-variability coefficients.
As with the smoothed hourly correlation coefficients the nighttime correlations
are Tow in comparison to other diurnal intervals. The influence of the 24-hour
term is seen in the high correlation of the TEC values for the time intervals
0000-2400. The correlation coefficients are affected significantly when the
24-hour term is removed by correlating the TEC variabilities. For the time
periods 1600-2200, when the post-sunset maxima generally occur, the correlation
coefficients for the TEC-variability are always lower than the corresponding ones
for the full diurnal periods, except during the month of June when the post-sunset

phenomenon is not prevalent.

DISCUSSION AND CONCLUSIONS

The large post-sunset enhancements in TEC observed at Haifa are due to the
"fountain effect" pattern of plasma motion from the equatorfal regions along
the magnetic lines of force. In the equatorial region polarization fields produce
at sunset large upward drifts of electrons, resulting in a rapid 1i{fting of
the F layer and massive horizontal flow of plasma along the field 1ines. (Rishbeth,
1977; Wu 1972). A post-sunset enhancement in upward E x B drift, which is a
characteristic feature during solar cycle maximum periods (Anderson and Klobuchar
1983), 1s primarily responsible for the increase in TEC at Haifa between about
1600 to 2000 UT. Bottomside foF, observations indicate that the "equatorial
anomaly" (i.e. low values of critical frequency at the magnetic equator compared
to those at latitudes approximately 15-20 degrees away from the magnetic equator),

during sunspot maximum, may extend to 40° magnetic dip angle in the Asian sector
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(Rao & Malthotra, 1964). Further, the anomaly is most pronounced from about
2000-2200 local time in the northern latftudes. Bottomside and topside

soundings of the equatorial anomaly {Rush et al, 1969) along the 75% longitude,
indicate that during solar maximum the maximum development of the anomaly occurs
at ~v2000 LT during winter and equinoxeS & at ~1700 LT in summer. During years of
declining solar activity the maximum development of the anomaly shifts to

1300-1500 LT.

The behavior of the TEC at Haifa vis-a-vis the post-sunset increase or its
absence, thus complements foF, data of the development of the equatorial anomaly
in terms of its latitude extent, seasonal and solar phase development structure.
The absence of the post-sunset jonospheric structure at Athens, a relatively
close location to Haifa, indicate that density peaks may be relatively narrow

in extent with resulting strong spatial density gradients.

The ratio of the standard deviation of TEC about {ts monthly mean to TEC
appears independent of season and of geographic location, and during daytime
is always below . 25%. This daytime ratio is similar to those observed at other

temperate and high latitudes (Soicher & Gorman, 1980).

The relatively high day-to-day variability of TEC during nighttime appears
to contribute to the low correlation between the Haifa and Athens TEC at that
time intervals. The correlation coefficicnt increases steeply with time during

the buildup phase of the TEC. This is indicative that production through

photoionization is the dominant process and affects the TEC increases at both
locations in similar manner. The subsequent decline of the correlation
coefficient is indicative of the local processes which affect the TEC structure

and its variability differently at the two locales.
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FIGURES

1. Superimposed diurnal variations of total electron content (TEC) for Haifa, Israel,

for January through December 1980 versus time in UT. 1 TEC unit = 1016 e1 m-2,
2. same as Figure 1 but for Athens Greece.

3. Monthly average variation of TEC in Haifa, Israel, for January through
December 1980.

F- 3

Same as Figure 3 but for Athens, Greece.
5. Same as Figure 1 but for November, 1975.

6. Hourly averages of TEC at ﬁaifa. Israel, and Athens, Greece for the

equinoctial, summer, and winter periods during 1980.

7. The diurnal variations of the ratfo (in percent) of the monthly standard
deviation of TEC to the hourly average of TEC at Haifa, Israel and Athens, Greece,

for various seasons during 1980.

8. Correlation coefficients vs time of day for smoothed hourly values of TEC at

Haifa, Israel and Athens, Greece for seasonally representative months.
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THE ROLE OF IN-SITU MEASUREMENTS IN SCINTILLATION MOOELLING

Sunanda Basu
Santimay Basu
Emmanuel Zollege
Boston, MA 02115

¥W.B. Hanson
University of Texas at Dallas
Richardson, TX 75080

ABSTRACT

Satellite borne in-situ measurements of irregularity amplitude have been very useful in provi-
ding the general features of the global F-region irregularity morphology. Thus, the conflicting
equatorial scintillation observations obtained from greatly separated ground stations could be organ-
ized in the framework of a longitudinal variation of irregularity occurrence. Similarly, for the
current study, high inclination satellite data have been utilized to delineate the essential morphol-~
ogical features of the polar cap irregularity environment. The lack of a significant diurnal and
magnetic control of the irregulartty morphology within the low solar flux northern winter polar cap
(A > 80°N) distinguishes this region from the auroral oval regime. Scintillation results from a
polar cap station during the winter season in years of high and low solar flux can be explained on
the basis of in-situ observations of irregularity amplitude coupled with the variation of ambient
density. A polar orbiting communication system sensitive to phase perturbations may observe large
differences in the phase to amplitude scintillation ratio as it traverses through the auroral oval
(with its possible magnetic E-W sheet-1ike irregufarity anisotropy) and into the potar cap with its
sun-aligned arc system. The current status of scintillation modelling is such that information on
the gross variations of the electron density deviation and anisotropy seem to be more important than
subtle changes of irregularity spectrum and layer thickness.

1. INTROOUCTION

Ground-based measurements over two decades have established the broad morphological features of
three major scintillation regions, two covering the auroral ovals and polar caps and the third one
approximately centered on the magnetic equator (Aarons, 1975). However, the detailed morphology has
remained unknown because of some obvious handicaps, namely, the limited number of ground stations,
the unavailability of sultable sources of VHF-UNF transmissions at certaln longitudes and the exis-
tence of large ocean surfaces. Satellites carrying out in-situ observations of irregularity para-
meters present a viable alternative for mapping the irregularity morphology at both high and low lat-
itudes. While only the high latitude morphology was studied by Dyson (1969) and Sagalyn et al.
(1974), Clark and Raitt (1976) studied global irregularity morphology over an eighteen-month period.
Basu et al. (1976) and Basu and Basu (1980) confined their attention to equatorial morphology only.
However their major objective was to convert the observed irregularity morphology into estimated
phase and amplitude scintillation models using other realistic model parameters. The resulting
models showed in a rather dramatic fashion the longitudinal control of equatorial scintillations
during the solstices. Apparently confllicting ground-based scintillation data from far-flung
stations (Taur, 1973; Aarons, 1977) could readily be fitted into the synoptic picture of the world-
wide equatorial scintillation occurrence pattern that emerged from the in-situ data.

The availability of data from the AE-D satellite with its inclination of 90° provided an ideal
platform for the extension of such modelling efforts to the high latitude environment. Since little
scintillation data is available from polar cap stations [Aarons et al., 1981) the in-situ mode! would
be able to provide much needed informastion for global scintillation modeliing efforts such as under-
taken by Fremouw et al. (1980). Unfortunately, most of the AE-D data base is Iimited to a 3-month
period around the northern winter solstice during 1975-76. Thus the mode! will be appropriate for
northern winter under sunspot minimum conditions. The paucity of the data also prevents us from
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studying the seasonal-cum-longltudinal behavior of auroral scintillations discussed earller by
Basu (1975) and Basu and Aarons (1980).

2. MODEL DEVELOPMENT

The fon-drift-meter data obtained from the AE-D satellite have been used for the mode!lling
effort. The drift meter provides the lon density (or electron density for charge neutrality) every
1716 sec (500 m) along the orbital track as a function of position and magnetic local time of the
satellite as shown by the solld line in Figure | which represents a typical AE-D pass through the
noontime cusp, polar cap and nighttime auroral oval regions. From these samplings the rms irregular-
ity amplitude AN/N is computed over 3 secs of data (approximately 20 km of path length perpendicular
to the magnetic field) at intervals of 8 secs as shown by the open circles. The first object of cthe
modelling process is to determine the average irregularity amplitude as a function of magnetic acti-
vity, invariant latitude, and magnetic local time. The irregularity amplitude may be a function of
alf{tudc so that separate groupings of the data were made as a function of satellite altitude as
well,

The next step is to convert the observed morphology into an estimated model of phase and ampli-
tude scintillations. Scintillations are, of course, proportional! to the integrated electron density
deviation along the ray path (Rufenach, 1975). In order to estimate this a model of the ambient
density N and lrregularity layer thickness L are necessary. We further assumed that for propagation
studies where only the total integrated effect along the ray path is considered, it Is probably
quite realistic to assume that the Irregularity layer thickness is the same as the slab thickness of
the lonosphere under similar geophysical conditions. The 175-78 model (Llewellyn and Bent, 1973)
with suitable updating for sunspot cycle and season was used to determine N and L values as a func-
tion of position and local time. Combining the observed rms AN/N values with N derived above the
morphology of AN was obtalned.

In the framework of diffraction theory under the limit of weak scattering, the irregularity mor-
phology can be translated into models of phase and amp!litude scintillations. The equations for the
determination of T the phase variance, and Sy, the second central moment of intensity are taken
from Rino (1979). Rino (1979) derived the equations for a variable three-dimensional spectral index
p of the irregularities. However, the equations take on a simplified form if p is assumed to be 4
which was the most commonly observed spectral index by in-situ techniques (Dyson et al., 1974;

Phelps and Sagalyn, 1976). With p=4, these equations are

<ot = 7oy (red)? (L sec 8) 6 Cg (vgee1)?
cesesrsans (,)
Sy = % (rgr)? (L sec 8) Cg4 (L_zh;ec 8 ¢

where
re - classical radius of the electron (2.8 x 10715 m)
A - radio wavelength
L - irregularity layer thickness
8 - lonospheric zenith angle o
Cs - strength of turbulence = 2%m<an>? (32)
Ao - outer scale (120 km, determined by 5§;a interval)
G,F - geometrica! parameters for field aligned irregularities
z - reduced distance of center of irregularity layer
veff - effective scan velocity
T - detrend interval

It is important to note in the above equations that in a power faw environment with a targe
outer scale, the data segment over which the rms AN/N Is computed effectively sets an outer scale for
modelling purposes. The strength of turbulence Cy will thus also depend on the length of the data
segment used. Further, while the S4 index can be unigquely determined in terms of irregularity and
anisotropy parameters, the phase scintillation also depends on the detrend interval over which the
phase varlance fs computed and the effective scan velocity of the ray path across the iso-correloids
of electron density. For this modelling effort we considered a detrend interval of 10 secs to make
the results compatible with those of the Wideband satellite (Fremouw et al., 1978). For the deter-
mination of the effective scan velocity we considered a simple orbital qeometry shown in Figure 2.
The satel!lite beacon was assumed to be orbiting n the magnetic meridian plane at an altitude
of 1000 km. The projected velocity at F region helghts was considered to be 3 km sec~! in the mag-
netic N-S direction with no component of velocity in the magnetic E-W direction. The modelling was
done for an overhead geometry, Three kinds of Irreqularity anisotropies were considered. In the
nighttime auroral oval magnetic L-shell aligned E-W sheets were used (Martin and Aarons,
1977; Rino et al., 1978) while in the daytime sub-suroral region field-aligned rods were used
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(Fremouw et al., 1980) in keeping with earlier experimental observations. However, no data ex:sts
on anjsotropy characteristics either in the daytime auroral oval or in the entire polar cap reglon,
Considering the nature of the arc system (Shepherd, 1979), we made the assumption that in the day-
time auroral oval the irregularity anisotropy is also in the form of E-W sheets whereas in the polar
cap the sun-aligned arc system (Lassen, 1979; Weber and Buchau, 1981) could be associated with N-S
sheets. In Section &, we shall present some results of phase and amplitude scintillation modelling
based on such composite irregularity characteristics.

3. HIGH-LATITUDE {RREGULARITY MORPHOLOGY

In Figure 3a, we show the average Irregularity morphology observed in the Northern Hemisphere
as a function of invariant latitude and magnetic local time for quiet magnetic conditions (Kp < 3.5)
obtained between October 22 - December 3}, 1975. The irregularity map was obtained by sorting the
AE-D data of rms AN/N (expressed as a percentage) in 5° wide invariant latitude and 4 hour magnetic
local time boxes and determining the average value of AN/N. The 80°-90° invariant latitude range
was combined into one box. For Figure 3a, the data was confined to the time periods when AE-D was
between 200-400 km while Figure 3b shows the morphology when AE-D was above 400 km altitude. The
highest altitude attained by AE-D was approximately 1400 km so that Figure 3b represents the altitude
range between 400-1400 km.

The most striking difference between Figures 3a and b is the difference in irregularity ampli-
tudes in the nighttime auroral) oval. In this region (65-80°A latitude) the high altitude data shows
much larger amplitudes while in the polar cap region of open field lines (>80° A) the irregularity
amplitudes seem to be independent of altitude. The diurnal variation within the polar cap is quite
small with the largest irregularities being observed at midday and smallest at midnight. The sharp
irregularity boundary at 75°A at the equatorward edge of the cusp in the noon sector is another
noteworthy feature of these two maps. |In addition, the high altitude data shows an asymmetry be-
tween the morning and afternoon sectors of the cusp with the morning sector irregularities being
larger. Figure 3b is remarkably similar to the map of small scale transverse magnetic disturbances
determined by the Triad satellite at 800 km altitude (Saflekos et al., 1978) if we keep in mind the
differences in the way the data were sorted in each study.

The irregularity morphology observed during disturbed magnetic conditions (Kp > 3.5) is shown
in Figure 3c. Because of the smaller amount of data, an altitude separation was not feasible. The
nighttime auroral oval shows a pronounced broadening. However irregularity ampiitudes do not attain
the large values obsecved in Figure 3b probably because of both altitudinal and latitudinal smearing.
There is a definite equatorward motion of both the nighttime auroral oval and the dayside cusp.

4. MODEL OF PHASE AND AMPLITUDE SCINTILLATIONS

As mentioned in Section 2, the observed morphology of rms AN/N in the high latitude region can
be converted to equivalent phase and amplitude scintiilation models by using a mode! of maximum F-
region densities to obtain the magnitude of aN. Figures 4A and B show maps of electron density
deviation AN generated by combining the 1TS-78 mode] of densities for the sunspot conditions per-
taining to November and December, 1975 with the irregularity amplitudes obtained in the AE-D study
presented in Section 3. Figure 4a was determined by combining all the data used in the preparation
of Figures 3a and b with the density mode! while Figure 4b was obtained from Figure 3c and the den-
sity model.

The point to note from Figure 4a is the persistence (even in AN) of most of the features found
in AN/N. Thus the polar cap still shows a refatively small diurnal variation with the maximum
electron density deviation being observed in the daytime. The cusp is a region of high AN while the
nightside auroral oval expectedly shows much larger electron density deviations than observed at the
same latitudes in the daytime.

following the procedure outlined in Section 2, Figu-e ba is converted into models of T¢ and Sy
by using a composite of three different types of irregularity anisotropy in various sectors of the
high latitude region. Only the fow Kp data set is used for scintillation models because of the
better data coverage. The assumed form of the irregularity anisotropy in the different MLT and in-
variant latitude sectors are as follows. E-W sheets (10:10:1 with larger dimensions along the field
and in the magnetic E-W direction) have been assumed over the nighttime and daytime auroral ovals
(60°-80°A\ lat between 18 MLT to 06 MLT and 75°-80°A lat between 06 MLT to 18 MLT). Over the polar
cap also, E-W sheets have been assumed except for the noontime and midnight sectors (10-14 MLT and
22-02 MLT) where N-S sheets (10:10:1 with larger dimensions along the field and in the magnetic N-$
direction) are considered., in the sub-aurora! region (60°~75°A lat between 06-18 MLT) irregulari~-
ties in the form of field-aligned rods (with 10:1 ratio) have been assumed. As outlined in Section
2, the frregularity layer thickness has been derived from the slab thickness obtained from I1TS-78,
These values usually range between 200 and 250 km.
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Figure 5a shows the resultant mode! for amplitude scintillation index (S§) at 137 MHz under
overhead propagation conditlons. The non-uniform scaling of AN values shown in Figure ha to Sy index
In Figure Sa arises from varlations in the form of anisotropy and magnetic dip. The mode! developed
for sunspot minimum conditions ylelds values of Sy < 0.5 which thus conform to the weak scatter limit,
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The model of rms phase deviatlion, shown in Figure Sb, corresponds to the reception of 137 MHz
signal on the ground from a beacon satellite orbiting in the magnetic meridian plane, with a scan
velocity of 3 km/sec at F region heights. The detrend interval for rms phase deviation has been
chosen to be 10 sec. it should be noted that in the presence of irregularity anisotropy the rms
phase deviation is not only dictated by the electron Jdensity deviation (AN) but is markedly controlled
by the scan velocity with respect to the irregularity axes. In the present model, the scan velocity
of the satellite has been considered to be very large compared to the Irregularity drift. However,
in the general case, the scan velocity of the ray path relative to the irregularity motion needs to
be considered. From Figure Sb, the marked effect of the anisotropy with respect to the satellite
motion may be noted. For the assumed alignment of the orbital track with the magnetic meridian, the
rms phase deviation (0,) Is accentuated in regions where the anisotropy is in the form of E-W sheets.
For example, the high ?evels of g¢ in the daytime cusp region arises not only from high AN values in
this region but is due to the N-S orbital motion in a region where the irregularity anisotropy is
assumed to be in the form of E-W sheets. This is again demonstrated in the polar cap where the ¢¢
values are deemphasized in the noon and midnight sectors where N-S sheets are considered and are
accentuated In the afternocon and post-midnight sectors where E-W sheets have been assumed to exist.
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-, From an observational standpoint, the form of the anisotropy can thus be obtained from the ratio of
/- op and S (Fremouw, 1980). For a satellite orbiting In the magnetic meridian, this ratio (g¢/S4) is
.}' largest where E-W sheets occur, intermediate where the anisotropy is In the form of magnetic field
’ aligned rods and is minimum where N-S sheets exist.
A In Figures 6a and 6b, models for S4 and Op at 250 MMz are shown for identical forms of irregular-
-4 Ity anisotropy and constraints of satellite orbit. As is to be expected, the general patterns are
\q similar to those of Figures 5a and 5b with the values of O¢ and S4 reduced at the higher frequency in
?% accordance with the frequency scaling laws appropriate for a 3-dimensional irregularity spectral index
.:f of “-
. 6. COMPARISON WITH SCINTILLATION DATA
i To determine the effectiveness of the In-situ modelling process presented in the last section,
2z it is important to compare the model with actual ground-based scintillation data. A suitable data
2 base for the comparison with Figure 5a was available at the Air Force Geophysics Laboratory. This
L~ was the Narssarssuaq ATS-3 scintillation data obtained during the winter of 1975-76 for which the
-~ lonospheric intersection point was 64°A. This data formed part of the high latitude morphology
. published earlier (Basu and Aarons, 1980) and is shown in Figure 7a for quiet magnetic conditions,
Little dlurnal variation Is observed with maximum S4 observed being .22 near midnight. Now if the
geometrical factor for ATS-3 observations at 20° elevation is computed for E-W sheets with axial
ratios of 10:10:1 and compared with the overhead geometrical factor at the same location for the same
anisotropy then a factor of 2.6 enhancement is obtained at the low elevation angle point. Thus the
-: nighttime values shown in Figure 7a when scaled down by a factor of 2.6 are found to be quite consis-
M tent with the modeled values close to 0.1. Simitar arguments are true for the daytime values.
F. 0
:? Rino and Matthews (1980) in their Figure 10 have shown the median Sy values at 137 MHz as a
* function of magnetic latitude for the winter of 1976-77 obtained with the Wideband satellite in the
nighttime auroral region. Our model was done for the winter of 1975-76 but the sunspot numbers
; during the two succeeding winters were quite similar. There is good agreement between the mode! and
~ scintillation observations If one disregards the geometrical enhancement region of the Wideband satel-
\: lite data. The phase scintillation Is more difficult to compare because of the idealized orbit chosen
~. for the study.
:‘ In the polar cap little data is available for comparison. The only available data during quiet
.* susnpot years is at 250 MHz from Thule, Greenland for the period August-October, 1975. The subiono-

spheric latitude coverage is 82°-90° CG latitude. Even though the geometrical factors are not
accurately known for this data set (Aarons et al., 1981) and the periods do not match exactly with
the mode), we exhibit the S4 indices obtained at Thule in Figure 7b to show that the modellied values
of 0.15 to 0.2 in the polar cap are at least of the right order of magnitude as the data.

6. CONCLUSIONS

The satellite in-situ irregularity measurements provide a direct measurement of electron density
deviation (AN) parameter which can be used to derive models for amplitude and phase scintillations.
in view of the insufficient coverage of ground scintillation observations caused by either the
absence of suitable ground locations or satellites, the usefulness of in-situ probing with unlimited
latitude and longitude coverage cannot be overemphasized. The evaluations made in the previous
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section show that scintillation models based on the quantitative measure of electron density devia-
tion (AN) by satellites at high latitudes provide realistic estimates. They also provide a synopcic
picture over the northern polar cap which is almost impossible to achieve with ground-based measure-
ments. We have thus been able to provide models of both equatorial and high latltude amp!litude and
phase scintillations from in-situ data.

It should, however, be mentioned that our current efforts are based on satellites whose primary
function was not concerned with irregularity measurements at F reglion heights for scintillation
modelling. As such, the restrictions imposed on satellite altitude, time of transit, etc., limited
this data base. A dedicated satellite performing such measurements at F-region altitudes with suit-
able orbital characteristics will be an ideal vehicle for the development of a world-wide model of .
phase and amplitude scintillations.
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Figure 1. lon concentration and irregularity amplitude (open circles) obtained by the ion drift
meter on AE-D satellite. The altitude (ALT), longitude (LONG) and invariant latitude
(INV. LAT.) of the satellite as a function of magnetic local time (MLT) and universal
time (UT) are indicated on the diagram.

OVERMEAD SCINTILLATION MOGEL FOR SPECIAL
SATELLITE ORSIT AND IRREGULARITY CHRARACTERISTICS

SATELLITE MEIGNT: 1000 b
SATELLITE LOCATION- OVERMEAD

|| ORDIT: ALIGNED WITH MAGNETIC MERICIAN
EFFECTIVE SCAN VELOCITY: 3 ioa/sec
OFT2EMD INTERVAL: 10 sec
TRREGULARTTY GEOMETRY:

\) 1. FIELD ALIGNED ROD
\' 2. v sHETS
3. WS SHEETS

Figure 2. The idealized orbital geometry of the satellite and the irregularity anisotropy
considered in the mode! are illustrated.
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Figure ka. Morphology of electron denslt;
deviation (AN) in units of 107 m™3
under magnetically quiet conditions,

Figure 4b.
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Same as in Figure ka for magnetically
disturbed conditions.
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Model of rms phase scintillation at
137 MHz valid for a beacon satellite
orbiting at 1000 km altitude over
the magnetic meridian. A composite
form of anisotropy (see text) and
detrend interval of 10 sec are used.
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Coordinated measurements of low-energy electron precipitation
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A case study of coordinated observations of low-energy ( < 500 eV} electron precipitation in the
auroral oval from DMSP F2 and phase and ampiitude scinullations from Goose Bay, using a geosta-
tonary satethte transmiting at 244 MHz s presented. The precipitation event took place during the
expansion phase ol an intense evening substorm, when the equatorward boundary of the diffuse aurora
reached 59 invarant latitude. Parucularly large phase scintillations (> 10 radians for fluctuation
frequencies >0.0067 Hz) were tound to be well correlated with intense fluxes (> 10" particles (cm? s
sti ') of preapitated low-energy clectrons. Total clectron content and magnetometer measurements
indicate that the onset of the precipitation event was about 10 min prior to the DMSP pass. Within
this time scale. the 1omzation generated n the F region could reach the topside so that the thermal
sensor on board the DMSP satellite was able to measure a factor of 2-3 densily enhancement at 830
km. The latitudinal width of these density structures 1s consistent with that of F region blobs observed
at Chatanika. The gradient scale length measured in the topside was only 30 km, which was probably
responsible for the fast growth rate of the scintillation-producing irregularities. The phase to amphtude
scintillation ratio changed rather drastically compared to quiet magnetic times, however, implying that
increased convection velocties durning these magnetic disturbances were partially responsible for the
enhanced phase scintillation.

I INTRODUCTION transport of these irregulanities augmented by plasma

The ubiquitous nature of high-latitude irregu- instabilities gives rise to the observed irregularity dis-
larities has been well established by measurements  'T1bution throughout the polar cap and auroral oval

cmploving a variety of techmques including scinul-
lations [Basu and Aarons. 1980: darons et al.. 1981
Rino and Muatthews, 1980] and in situ samphng of
clectron density irregulanities [Dyson, 1969 Sagalvn
et al., 1974: Clurk and Raitt, 1976 Busu ¢t al., 1981]
and celectric ficlds [(Maynard and Heppner, 1970
Kellev and Mozer. 19727 Recently, Kelley et al
[1982] have proposed that soft-particie precipitation
at the poleward edge of the auroral oval s the pri-
mary source of the structured F region plisma in the
auroral ionosphere. They further poimnt out that

Copynight 1983 by the Amencan Geophysical Union

Paper number 350630
X AAOE X1 003506 300X t0)

regions. Evidence for transport was obtained from
the measurements of Vickrey er al. [1980], who
showed that the large-scale irregularities (= 10 km)
or plasma “blobs™ observed with the Chatanika
radar convect with the background field and. because
of their very long lifetumes [Vickrey and Kelley.
1982], can be transported to great distances from
where they were produced.

[t 1s the object of this paper to provide a case
study of the formation of a plusma blob by low-
energy (< 500 eV) clectron precipitation near the
cquatorward edge of the auroral oval during the ex-
pinsion phase of in intense evening substorm and to
deseribe the assoctated propagation etfects. While the
preaipitation of such soft electron Iluxes at the pole-

The U.S. Government |Is authorized to reproduce and sell this report.
Permission for further reproduction by others must be obtained from

the copyright owner.
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MAR. 29,1979
DMSP/F2
Rev 9380

70°

60° 5C*

WEST GEOGRAPHIC LONGITUDE

Fig. 1. The DMSP/F? satellite track projected along the magnetic field hine 1o 110 km for orbit 9380, from
which particle data was obtained for the March 29. 1979, study. This track 1s just 3 to the west of the Fleetsat 350
km subionospheric intersection. The ATS 5 subionospheric intersection is aiso shown.

ward edge of the auroral oval is well documented in
the literature (cf. Fejer and Kelley [1980]. Kelley et
al. [1982], and references therein), the existence of
such intense fluxes rather deep within the plasma-
sheet is less well known. Tanskanen et al. [1981],
using DMSP data, were the first to discuss such
events in detail, although Deehr et al. [1976] did note
their existence earlier. We shall show that such a
precipitation event monitored by the DMSP satellite
also caused a concomitant increase of the back-
ground thermal density by a factor of 2-3 at an alti-
tude of 820 km, bounded by regions of sharp plasma
density gradients. Coordinated magnetometer and
total clectron content measurements showed that the
precipitation event was a long-lasting one (~ 10 min),
which enabled the effect of the precipitation in the F
region to be transmitted to the topside. We also pro-
vide cvidence that medium scale irregularitics (~ |
km and farger) which were responsible for causing
phase and amplitude scintillations, intensified within
a very short time scale (~ | min), thercby suggesting
that plasma instabilities could grow on the sharp
topside gradicnts.

It is of some interest to note that the phase and
amplitude scintillations for this study were obtamned
at Goose Bay, Labrador, by utilizing the 244 MHz

103

transmissions of the Fleetsat satellite parked at
100°W. The method of obtaining phase scintillation
measurements using a geostationary source, as well
as the diurnal and seasonal statistics, have been dealt
with in a recent recport [Basu et al.. 1982) and will
not be repeated here. The important point to empha-
size is that the scale-length coverage of phase scintil-
lations for a fixed detrend interval is dependent on
the E-W drift velocity. This is contrary to the situ-
ation when an orbiting satellite, such as Wideband. 15
the source of the transmissions. In such cases, partic-
ularly at high latitudes, the scale-length coverage 1
dictated by the etfective velocity of the satellite [ Fre-
mouw et al.. 1978] and is generally independent of the
ionospheric drift. We shall show later that enhanced
ionospheric drifts during the substorm under study
contrnibuted to a relatively larger increase of the
phase scintiflations as compared to the mtensity san-
tilfations.

2 DMSP INERGETIC PARTICLE

AND THERMAL DENSITY DATA
The particle data used are those obtmined from
DMSP - F2 satellite in the evening MLT sector during
a period of substorm activity. DMSP F2 s o three-
axay stabilized satellite in a nearly sun-synchronous,
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circular orbit at an altitude of 820 km. The orbital
period is 101 min: the nominal inclination is 99.1".
At launch the orbit was centered near the 0700-1900
meridian, but it is subject to a very slow precessional
drift toward later local times, as 1s the case tn the
present situation. The specific satellite orbit under
study. 9380 (~0200 UT, March 29, 1979), when
mapped to 110 km altitude along magnetic field
lines. passed just 3" to the west of the Fleetsat iono-
spheric intersection point (intersection between the
350 km 1onospheric height and the propagation path
from Goose Bay to Fleetsat), as shown in Figure 1.
Since visual auroras occur at 110 km, the DMSP
track is routinely mapped to 110-km height, whereas
a 350-km intersection is more relevant when F region
propagation effects are being studied, such as with
Fleetsat transmissions.

The DMSP pass occurred during a period of
southward turning of the interplanetary magnetic
field (B. negative) as shown in Figure 2, which caused
a series of substorms as observed from the auroral
electrojet index (AE) data. The AE index looks rather
smooth as the hourly values have been plotted, in
keeping with the resolution of the B, data. The
middle panel of Figure 2 shows that the planetary
index Kp was 6 at the time of the pass. On a more
local level, the DMSP pass occurred about 8 min
after the onset of a 400 ; negative bay, which started
at 0152 UT on the Goosc Bay magnetogram shown
in Figure 3. Unfortunately, the auroral photographs
corresponding to this orbit are not available. How-
ever, it is expected that at such disturbed times, the
statistical auroral oval should be in the vicinity of the
Fleetsat intersection point [ Basu et al., 1982].

The DMSP particle detectors have been described
in detail by Hardy et al. {1979]. Briefly, the particle
detector on DMSP/F2 consists of two curved-plate
electrostatic analy.ers that measure the fluxes of elec-
trons in 16 energy channels betwcen 50 ¢V and 20
keV once per second. The apertures of the analyzers
always face toward local vertical so that at auroral
and polar cap latitudes they detect precipitating
rather than backscattered and trapped ciectrons, One
analyzer covers the energy range from 50 eV to |
keV with a geometric factor of 4 x 10 "% cm? sr and
a AE/E of 10%. The other analyzer covers the energy
range from [ to 20 keV with a geometric factor of
10 "? cm? sr and a AE/E of 127%. The large geometric
factors insure that the tlux level for the electrons in
the diffuse aurora is well above the detector’s sensi-
tivity [ Tunskanen et al., 1981].
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Fig. 3. The interplanctary magnetic ficld B,, planetary mag-
netic index Kp, and auroral electrojet index AE data for March
29, 1979. The time of the DMSP'F2 pass is indicated.

The energetic-electron measurements over the eve-
ning portion of the auroral oval for this orbit are
shown in Figure 4. and the point of closest approach
to the latitude of the Fleetsat intersection at
0200 : 21 UT is identified as CA. In this figure, the
particle data are plotted as JTOT, the directional
integral flux (cm? s sr)”' in the bottom panel;
JETOT. the directional energy flux [keV(cm? s sr) ']
on the middle panel; and EAVE, the average energy
in keV in the top panei. The scale for EAVE is linear.
These quantities are plotted as functions of universal
time (UT). the geographic coordinates of the satellite

* . .~,t'-_—.~\-,.' PR A
s e o % o % PO e e et .
PP PR VRO P AR AP I




1154

BASU ET AL.. LOW-ENERGY PRECIPITATION AND SCINTILLATION

GOOSE BAY MAGNETOGRAM

MAR 29,1979
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Fig. ).

i _
0300 €400

The horizental component ol the Goose Bay magnetogram on March 29, 1979, showing a 400 y negative

bay starting at 0152 UT.

(GLAT and GLON). the corrected geomagnetic lati-
tude [Whalen, 1970] of the satellite mapped along
the magnetic ficld line to 110 km (MLAT) and the
magnetic local time (MLT). The poleward and equa-
torward boundaries of the oval were defined on the
basis of JTOT exceeding the level of the polar rain or
background, respectively [Gussenhoven et al.. 1981].
On this basis the equatorward boundary of the
aurora in the evening sector is at 59°A (at the 110 km
level). which for Kp = 6 matches well the cmpirical
relationship Acgy = 71.2 — 2.1 Kp developed by
Gussenhoven et al. [1981] for the northern hemi-
sphere evening boundary. The ditference between the
corrected geomagnetic latitude Acgy and invariant
latitude A is less than 0.5° in this longitude scctor ().
A. Whalen, private communication, 1982).

From Figure 4. we see that the Flectsat interscc-
tion is within the evening precipitation region. More-
over, from the nature of the average energy of the
precipitating tluxes ( ~4 keV), we infer that the inter-
section point is within the region of the diffuse
aurora. In the absence of simultancous DMSP pho-
tographs, it is difficult to establish the exact width of
the diffuse aurora, but based on the shape of the
clectron spectra and their average energy, it 1s likely
that the entire latitude range spanned by the satellite
between 0159 and 0201 UT can be considered to be
within the diffuse auroral  precipitation  region,
Within that interval, at least two refatively narrow
regions of signiticant integral number flux enhance-
ments are observed 1in conjunction with deereases of
the average energy (02000 1S and 0200 30 U The

T N L S
g G

clectron number flux and the energy flux show sig-
nificant fluctuation in the two regions, reaching
values as high as ~8 x 10° clectrons (cm? s sr)
and ~3 x 10° keV (ecm? s sr) ', respectively. The
average energy of this particle population is ~ 400
eV for the hirst region. It can also be seen from
Figure 4 that the average energy is ~1 keV for the
second region. The surrounding regions have typical
encrgies of the order of 3 keV. We shall further dis-
cuss the particle characteristics near the first region
{0200 : 15 UT of low average energy, which is closest
to the Fleetsat intersection point.

To compare the particle spectra in the vicinity of
the point of closest approach with that in the diffuse
aurora, we present two plots each showing 10 differ-
cntial cnergy spectra for 10 successive seconds start-
ing at 0159 : 50 and 0200: 10 in Figures Sa and 5h.
respectively. The first onc (Figure Sa, which actually
has nine spectra, the one for 0159 : 52 UT being una-
vailable) obtained poleward of the Fleetsat intersec-
tion, when taken in conjunction with the rclevant
portion of Figure 4, shows smooth variations in
JTOT. JETOT, and EAVE and a quasi-thermal type
of spectrum. The EAVE reaches a maximum value of
5 keV at 0159 52 UT. Quite a drastic change in
spectral shape occurs in Figure Sh, particularly
during 0200: 10 0200 : 16 UT. Therc is a large in-
crease in flux at the lower cnergies with a corre-
sponding decrease in flux at the higher energies lead-
ing to a scevere reduction in the average cnergy as
mentioned carlier. Further, low-cnergy peaks in the
range 100 600 eV oare found to be superimposed on
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Fig. 5a. Ten differential energy spectra for len successive sec-
onds of DMSP precipitating electron data taken from orbit 9380
on March 29, 1979, poleward of the Fleetsat intersection between
01591:50 and 0159:59 UT showing smooth variations in JTOT,
JETOT, and EAVE and a quasi-thermal spectrum (Note that
spectrum for 0159:52 UT is missing.)
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the basically quasi-thermal background distribution.
Such spectra were also shown by Tanskanen et al.
{19817 to exist 1in a similar regton of the nighttime
auroral oval.

Figures Sc and 5d shed further light on the differ-
ences between spectra shown in Figures Sq and 5b. In
Figure 5S¢ the single differential flux spectrum from
Figure Sa corresponding to 0159 :50 UT is replotted.
In addition, histograms are superimposed to show
the percentage of the total number flux R’ and total
cnergy flux R that is being carried within cach
channel of the detector. The plot shows that outside
the region of low-energy electron enhancement. most
of the flux and the vast majority of the energy in the
clectrons are being carried by particles with cnergies
exceeding | keV. ie., particles that wouid produce
effects primarily in the E layer of the ionosphere
[Whalen. 1981]. By contrast, the spectrum in Figure
5d for the first ecnhancement region indicates that the
electrons in the part of the spectrum peaked at ~ 400
eV are now carrying most of the particle and energy
flux and thus will have their primary effect in the F
region ionosphcre. The number flux into the iono-
sphere at this time is as large as 8 x 10° electrons

I().r— —— e ————— e —
OMSP /F2 ORBIT 9380
! MARCH 29, 1979 0I5950 UT
r
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I'g. Se. One-second differential electron flux at 0159 50 UT

on March 29, 1979 10 the north of the Fleetsat intersection pomnt
K (wolud binet s the relative dircchonal energy Nux per energy
channel. R (dashed linet s the relative directional number lux per
vnergy channel.
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{cm® s sr) ', carrying an energy of S ergs (cm? s
sr) . Ninety percent of this flux is compcsed of elec-
trons with energies <500 eV and 65% with energies
<300 eV.

To study the latitudinal variation o this low-
energy component, we show in the lower panel of
Figure 6a a plot of the differential flux o the lowest
energy channel, namely. 47 ¢V, as a fun:tion of the
position of the satellite in corrected geoniagnetic co-
ordinates. (The next thrce higher cnergy channels,
ranging in energy from 73 eV to 173 :V, show a
similar latitudinal pattern and are not shown here.)
The flux values are obtained once per second. i.e., at
a spatial resolution of approximately 7 km. On the
upper panel. we display the thermal ion density data
obtained at 820 km altitude by the planar retarding
potential analyzer on board the DMSP/F2 satellite
described by Smiddy et al. [1978] and by Rich et al.
[1980). The ion densities shown in this figure have
been plotted at the rate of one point per second.
which is the same resolution as that of the lower
energy electron data. Figure 6b, on the other hand.
shows the data points plotted at their highest resolu-
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Fig. 6a. Simultaneous measurements of the differential flux at

47 ¢V and 10n density at 840 km from DMSP/F2 for orbit 9380
on March 29, 1979. Note the sharp density gradients associated
with the soft-particle precipttation.

tion, namely, seven per second, i.e., at a spatial sepa-
ration of approximately 1 km since the velocity of
the spacecraft is 7 km s~ '. This enables us to observe
the in situ density structure cxisting at 820 km at
scale lengths ~1 km, which is responsible for the
enhanced scintillations to be discussed in the next
section. [t should be mentioned here that although
the absolute density measurcments of the DMSP
sensor may only be accurate to 25-50 (with the
measured values being usually on the high side), the
relative variation in density is obtained with an accu-
racy of 2%. Thus an accurate idca can be obtained
regarding small-scale density structure and gradients.

The 10on density shows a factor of ~ 3 enhancement
i association with the low-cnergy flux increase over
a latitudinal interval of 61 to 61.8". The width of the
density enhancement 1s somewhat larger, however,
extending both poleward and cquatorward of the
flux increase by 0.2 on cach side. This is the first
tume that 1 compasison has beer made between data

. \J" ‘.1-“.-_‘ ,“ S N O S A S St I SR S NESANY




1158 BASU LT AL.: LOW-ENERGY PRECIPITATION AND SCINTILLATION

OMSP/F2 CRBIT#9380 MARCH 29,1979

My

.

o
o
% :
AR : % .
Iy E 0=
0% 2
« e w
iy &
-‘: . Cz)
ol 2
) ‘\’.:‘n <.
Py \J‘
A d
a ¥
.f--‘
u(.'- T e S S U S SEU U G
I Ot5950 21595% 20000 ©2000% 020010 020018 020020 020025 020030
WA ut
A
:.‘.:. Fig. 6h. High spunal resotution ( ~ 1 km) measurements of the ion density from DMSP for orbit 9380 dunng the
A precipitation event shown i Figure 6a.
H
‘: ‘
Al I . ' . -
35 obtained with the particle detectors and the thermal 4 TEC PHASE AND AMPLITUDE SCINTILLATIONS
1‘$.: sensors on the DMSP satellite. The width of the den- Mecasurements of total clectron content (TEC)
e sity enhancement is reminiscent of the F region blobs from Goose Bay obtained using the polanmeter tech-
N observed at Chatanika [Vickrey et al.. 1980]. Rather nigue and transmissions from ATS 5 at 137 MHz
. steep density gradients are ubserved on both the and shown in Figure 7 exhibit significant enhance-
-}.\,‘ poleward and equatorward edges of the enhance- ment of TEC at 0152 UT, which is about 8 min prior
Ay ment. The implication of these gradients and the time  to the passage of the DMSP sateliite through the
{‘4‘ \; scale needed to observe the topside density cnhance-  same latitude region. These measurements refer to a
N ments will be discussed in section 4. subionospheric position of 4834 N und 6191'W,
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Fig. 8. Time record of 244 MHz phasc und amplitude fluctuations, detrended with a tilter cutoff of 0.0067 Hz. of
the Fleetsat signal at Goose Bay on March 29, 1979.

which is close to the latitude of the equatorward cdge
of the density enhancement discussed in {)e last sec-
tion. It is important to note that the TE(C enhance-
ment is observed at the time of onsct of a negative
bay in the Goose Bay magnctogram, as shown in
Figure 3. The TEC cnhancement rcaches it peak
value at 0158 UT, which is very close 1o the time of
the DMSP pass. It is also necessary to note that the
polarimeter observations were made at an clevation
angle of 30 . Thus the vertical content incrcase is
approximately a factor of 2 less than that shown in
Figure 7 and amounts to 10 TEC units (ie., 10
x 10" clem )

The time record of phase and amplitude tluctu-
ations of the Fleetsat signal at 244 MHz after
detrending with a filter cutoll of 0.0067 Hz for the
same penod. shown in Figure 8, exhibits a targs in.

110
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crease in both quantities at almost exactly the time of
the TEC increase registered by ATS 5. A similar situ-
ation was discussed by 4arons [1976] for the Oc-
tober 31, 1972, storm. Since the ionospheric intersec-
tion points of ATS $ and Fleetsat are separated by 6
of longitude, it is obvious that low-energy clectrons
were precipitating in the vicinity of 60 A over a rela-
tively wide swath of longitudes. The almost simulta-
neous response of the magnetogram (which is a sig-
nature of ionospheric currents and their motonj and
phasc and amplitude scintillations (which respond to
tonospheric irregularitics) to the particic influx raises
important questions regarding irrcgularity gener-
ation mechanisms and growth times for large-
amplitude irregularities, We shall discuss some of
these guestions in the next section.

The tme history of amplitude nd phase scintil-
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lation indices. S, and a,, during a 3-hour period

GOOSE BAY  MAR 29,1979 commencing at 0100 UT on March 29, 1979, is

. shown in Figure 9. Corresponding phase spectral

* 1: strength parameter T, and slope p,. as defined by
6+ Fremouw et al. [1978], are shown in the lower two

panels. The rather dramatic increase of a4, at 0150

- a 8- UT from 2 to 14 radians 1s accompanied by a three-
2: fold increase in amphtude scintllation index from 0.2
t_ ' to 0.6, If we assume that the above range of S, index
N 0 L L L — is approximately within the weak scatter limit, then
>N o we can study the variation of the 7, S, ratio prior to
) [ 0150 UT and thereafter. While the average value of
.e:l. this ratio 1s 14 before the onset of severe phase scin-
- tillations, the average doubles to 28 between 0152
1ar UT and 0325 UT. The rato is given by [Rino, 1979 !
|2: , | Fremouw, 1980] ‘
- ; o i G (o

S1 (v = HC F iz sec 0 dny '3

o’(md-oml
@
T

where
s; v=np, 2. p, phase spectral index:
= Ctv)  a constant dependent on v only (= 16a° for v =
Wy an 1SN
. - G. F geometrical factors for phase and amplitude scintl-
: ZE lations
o L L . , b, effective velocity at which the density contours of
o0 ¢ 2 o3 04 ut ¢qual correlation in the ionosphere cuts across the
-~ radio propagation path;:
f": "or r,  detrend peniod (i.e. rectprocal of filter cutotl fre-

i quency, which 15 0.0067 Hz in this case):
4 radio winvelength
-20~ > effective “reduced height™ of the irregularities

. ; [ Brigys und Parkin, 1963]:
| \'\/ ) inadence angle.

In the above expression. since the geometry remains
constant for geostationary satellite observations and
if we make the assumption that v remains constant
and is approximately [.5 (as may be noted from
panel 4 of Figure 9), then we tind that o,,5; is di-
rectly proportional to b, for a constant detrend |
period r.. Chatanika drift measurements during sub-

Ty (dB mas cng)
o
o
T

| SR

7
[y

-
—_—

2 storms have shown large increases in the E-W ion |
' & drifts (i.c.. of the meridional electric tield) at the same
o invariant latitudes as these measurements [ Foster et
OL__ s al., 1981]. Thus the greater relative enhancement of
et oo o n2 °3 04 ur phase scintillations, when compared to amphitude
-"::~ Fig. 6. The intensity and phase scintilfation parameters 8. Scintillations, is probably caused by larger E-W drifts
Y Ay T,. and p, of the 244-MHz Fleetsat signal at Goose Bay on in response (o enhanced mugnetospheric clectric

S ' Muarch 29, I‘_)79 0100 0400 UT). The parameters are explained i fields during substorms.

the text. Another method of investigating the variation of

the effective drift velocity is to study the spectra of
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~ Fig 10 Power spectra of amplitude scintillations on March 29, 1979, between 0205:38 and 0212:18 UT with
5 5, = 046 und 7, = 14 rad and on March 31, 1979, between 0454:19 and 0500:59 UT with S, = 0.51 and ¢, = 2.5
£ .., rad. showing very different values of the Fresnel frequency and thereby indicating an increase in the dnft velocity
._\'\.. durning magnetic storms. {Note that p, is determined by linear least squares fit to the spectrum between 0.5 and
30y SO H2)
e
ol . . . R
2-‘. amplitude fluctuations. It s well known that for shown in Figure 10 is 28. Thus there is a factor of 7
» weak amplitude fluctuations (S, < 0.5). the roll-off  difference in the a,/S, ratios corresponding to the
W point on the spectrum (i.e., the point at which the two amplitude spectra shown in Figure 10. We do
A fallofT of power spectral densities begins) can be relat-  indeed find a great difference in the spectral character
.;;: ¢ed to the Fresncl frequency, fp = V.(rsz) " ''2, where  of the two samples. The March 31 sample has a Fres-
:,-'_:i V, is the clfective ionospheric drift, 2 1s the radio  nel frequency of 0.04 Hz, whereas the March 29 data
RN wavelength, and = is the distance between the iono-  shows a roll-off between 0.2 to 0.3 Hz, a factor of 5-7
spheric arrcgularities and the recciver [Singleton,  higher than the former. In view of the direct pro-
\.,_ 1974]. Thus if the viewing geometry remains con-  portionality of the Fresnel frequency to the drift ve-
A stant. then the Fresnel frequency is directly pro-  locity, we have further evidence that increased drifts
\-‘: portional to the wnospheric drift velocity. In Figure  contributed to the increase in the a,4,S, ratio during
-:;-. 10, we show the ampiitude spectrum obtiuned on  the magnetic disturbances observed on March 29,
2N March 29, 1979, at 0205:38 UT during the substorm 1979,
o event under study. The amplitude spectrum obtained Before concluding this section. we wish to com-
o) on March 3, 1979, at 0454:19 UT, when magnetic  ment on some subtle differences between the two
activity had subsided. 15 superposed for comparison  spectra shown in Figure 10 from the propagation
The two spectra correspond to very similar levels of — point of view. The major differences between the two
~p . _ . . . ; ; .
~% the 8, index. The average a, S, rato s 4 for the  spectra are related to the high-frequency roll-off rates

March 31 data shown in Figure 10 and for contigu-

o ous data samples, as discussed in section 5 of the March 29 spectrum. The depression of the power
o work of Basu ¢t al. [1982] We have atready men- spectral density in the jow-freaverey region of the
::s'( ttoned that the a, S ratio of the March 29 data March 19 spectrum relative to the March 31 spec-
."‘
.‘\Q
. -.‘.J
o
Y
a 112
MO SO PSR SO TR PRI P O C R R . P S Ve PR Ry -'-"‘.’.‘.‘--
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and a somewhat broader Fresnel maximum in the
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trum is, in our opinion, apparent rather than real. In
contrast to the March 31 spectrum, the March 29
spectrum did not achieve the noise floor level at 10
Hz, and, as a result. the alignment of the power spec-
tral densities at 10 Hz for the two spectra in Figure
10 caused the differences at the low-frequency end.
The high-frequency roll-off rates and broader Fresnel
maximum as depicted by the March 29 spectrum are
usually obtained when strong scattering is en-
countered [Basu and Whitney, 1983]. The fact that
these features are present in the sample having an S,
index of 0.5 and, therefore, corresponding to the
weak scatter domain, may be explained as follows.
The higher roll-off rate may be attributed to higher
spectral index of the irregularities of electron density
in the ionosphere on March 29 as compared to
March 31. Further. the broadening of the Fresnel
maximum on March 29 may be a result of the irregu-
larities moving with a distributed velocity rather
than with a uniform motion [Lotova, 1981]. Such
velocity dispersion is known to occur in the solar
wind [Lotova and Chashei. 1981] and may have a
counterpart in the ionosphere. particularly on days
with large drift velocities such as March 29, 1979.

4. DISCUSSIONS

The unique feature of the case study described in
sections 2 and 3 stems from the fact that the low-
energy electron precipitation was intense enough to
cause (1) a large topside density enhancement, which
could be measured by the DMSP satellite in a time
scale of 10 min, and (2) an integrated effect through-
out the F region, which was registered by the polar-
imeter. The only other report on “the birth of a
blob™ in a similar time scale, by Muldrew and Vick-
rey [1982], described a small enhancement of 154 in
the F region peak density in response to a possible
keV electron precipitation. Most earlier model stud-
ies. however, such as those by Roble and Rees [1977]
and Whitteker (19777, have shown that the tune
scale for density increascs to take place in the F
region is of the order of 30 min to 1 hour. The major
difference between these earlier model studies and the
present case is in the magnitude of the number flux
and energy flux into the ionosphere. Roble and Rees
{1977} consider a flux of 312 < 10” clectrons (¢m?
s) ' of mean energy 200 ¢V and an energy input of |
erg (em? s} into the tonosphere. Whitteher [1977)
uses an energy input that is only 0.28 ¢rgs (cm?® 5y ',
We have mentioned in conjunction with Figure Sd

that thc number flux in the ionosphere duning the
particle precipitation event in this study is 8 x {0°
clectrons (cm* s sr) ' with an encrgy input of 5 crgs
tecm? s sr) Yoa full 907, of the clectrons having
cnergy < 500 ¢V. No pitch angle information 1s avail-
able from DMSP, but recent abservations using the
P78-1 satellite shows that such soft fluxes, which are
embedded in the diffuse aurora. are usually confined
1o a half width of approximately 40 (D A. Hardy.
private communication. (9821 Hence we consider the
total intlux of particles to be 8 x 10” clectrons icm*
s} . Tunskanen et al. [1981] also provided evidence
for the existence of such intense low-energy tluxes at
the equatorward edge of the auroral oval dunng sub-
storms. These were even seen on conseculive passes
of the DMSP satcllite.

We provide 1n this paragraph an order-of-
magnitude estimate of the density enhancement that
may be expected if a particle precipitaton event of
the above magnmitude lasts for 10 min. The simplest
order of magnitude estimate can be obtained by con-
sidering that if an energy flux of 3 x 10!¢ eV (cm?
s) 'or 3ergs{cm® s) ! isncident on the 1onosphere
in the region of the enhancement (as represented by
Figure Sd) and the energy needed to produce an on-
clectron pair is 35 eV [Rees. 1963]. then one obtains
120 s as the time nceded to produce a vertical TEC
increase of 10 TEC units (as observed in Figure 7). If]
further. one assumes that 50" of the O ions (which
have the largest scattening cross section) are lost due
to recombination [Whitteker, 1977). then a time
scale less than 5 min is obtained. This 1« a lower
hound on the time, since it is well known that if the
incoming clectrons have cenergies <500 eV, the
above computation is not very realistic as the energy
required to create an ion-clectron pair is much larger
than 3S ¢V used in the computations [Banks and
Kockarts, 1973].

Mantas and Walker [1976] considered specifically
the precipitation of soft electrons < 100 ¢V into the
ionosphere. They found that such incident fluxes are
stopped in the altitude region between 300 and 400
km, where they deposit most of their energy. They
considered various loss processes, including clastic
backscattering, loss of degraded primaries and newiy
produced secondaries. and arrived at a figure of 171
for the clectron thermalization rate per unit incident
lux of monoenergetic clecirons at 100 eV, Since 65
of the number flux shown in Figure Sd have energies
less than 300 ¢V, we used the above thermalization
rate to determine that 1.4 x 10'° ¢l (cm ?) are pro-
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duced per unit time. Thus a ime of 700 s 18 necessary
to buildup a content of 10 TEC units. This latter
order-of-magnitude estimate is surprisingly close to
the observed time of approximatels 10 min required
for the TEC enhancement.

It has been shown earlicr that steep pradients were
found at the boundaries of the enhanced density
region. Both the poleward and equatorward edges
have horizontal density gradient scale lengths as
small as 30 km at the 820 km alutude of observa-
tions. The latitude of the cquatorward boundary is in
close proximity to the intersection latitudes of both
the polarimeter and scintillation measurements. The
phase and amplitude scintiflations were found to in-
tensify within a matter of 1-2 min of the onset of the
TEC enhancement. If we consider the TEC increase
to be a good indicator of the buildup of the soft-
precipitation-induced gradient in the F region, then
we can postulate a short growth time of 1-2 min for
the generation of kilometer-scale irregularitics.

It is unfortunate that no simuitanecous clectric tield
or teld-aligned current measurement is available,
which would have allowed us to distinguish between
the current convective instability [Ossekow uand
Chaturredi. 1979} and the E x B instability [Simon,
1963 Linson and Workman. 1970] as the generation
mechanism  of the scintillation-producing  irregu-
laritics. We have mentioned above that the scintil-
lation and TEC measurements refer to the latitude of
the equatorward edge. At this edge, the gradient is
directed poleward and would be stable to the usual
E x B instability, as the zonal clectric ficld is gener-
ally found to he westward at this tume of the night
[Evans et al.. 1979; Vickrev et al. 1980 Robinson ¢t
al.. 1982]. However. the enure density enhancement
region shown in Figure 6 1s embedded in the ditfuse
auroral preapitation regon as shown in Figure 4. It
is well known that downward tield-aligned Birkeland
currents are found in such regions (of. recent review
by Saflekos er al. [1982] and reterences therein), Fhus
1t is quite possible that large Birkeland currents are
destabilizing what appears to be o stable E x B in-
stability contizuration.

A problem arises in the matter of growth rates.
Keskinen et al. [1980]. doing a numerical simulation
of the analytical formulation of the current convee-
tive instabihity by Ossakow and Chaturredt (1979,
found growth times ~ 10 5 for the fastest growing
mode, using a gradient scale length ot 20 km on the
assumption of i westward Folicld of 1O mV m when
avgmented by a large Birketand current ot 5 pA

114

m . Now. this growth tme seems to be an order of
magnitude too long to match the observations. On
the other hand, Keskinen and Ossakow [19827 found
that even if a much smaller field-aligned current o 1
#A m S, which s more in accord with measure-
ments, was used to further destabilize the aircads
aradient-drift unstable poleward edge. then growth
tmes ~ 107 5 may be obtained. Our current set of
medsurements clearly s more in tune with the Litter
computation. It s interesting to note that recent
work hias shown that a beam of 100 ¢V particles such
as we hine here does not apprecably  atfect the
growth rate of the current convective instability
[Chaturvedi and Ossakow, 1983],

Thus our data would seem to indicate the possibic
existence of a tluctuating zonal electric ticld with
dlternating eastward and westward components ot
the order of 10 mV m. as was measured by the
Chatamha radar m the vicimity of an auroral are [ de
la Beawjardiere et al., 19777 Such fluctuating clectric
ficlds also are observed in the vicinity ot auroral
forms by the on-dnft meter on the AE-D sateihite
(W B Hanson, private communication, 1982) Since
growth times are short and. once created. the
Miometer-scale arregulanuies have  long  litetimes
[Fickrev and Kefley. 1982]0 such a Ructuating zonal
clectric ficld of the night polanty could drive the
poleward gradient unstable. The computation of a
short growth time neglects the etlect of £ region con-
ductivity, which may atfect this growth time substan-
uaily (R, T. T'sunoda and J. F. Vickrey. unpublished
manuseript. 1982 Further studies are necessary to
determine the effect of E region Pedersen conduc-
uvity within such sofl precipitation zones.

1t 18 also possible that these srregularities are crea-
wed directly by structured fow-energy particic pream-
wtion and arregular held-aligned currents. There
same suggestion of the former effect evident 1n Fig-
ares 6a and oh. 1t s hoped that the fortheoming
HILAT satellite | Fremoww et al [ 1983] with 1is com-
plement ol mstruments, including & drift meter and
magnetometer and much higher spatial resolution of
the particle measurements, will allow a more detim-
e determmation of the generation mechanism ot
the sanullation-producing arreculanties  assocuted
with F oregion density enhancements or “hlobs. ™

Loknowledamenss The santdiation program at Goose Bay s
amder the ahle directn: of HEE Whitney We thane |1 Weber
and 1A Whaden tor helpiud discossions The A TS-S polanimeter
dati were hindly made aovatane tous by A Kobudhar M D
COONIS Vs Tpoisibie Tor one phase sointiafion anstrumenta-
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tion. The ISEE 3 interplanetary magnetic field data were obtained
from the Nationul Space Science Data Center. The AE indices
were obtained from the World Duta Center C2 for Geomagnetism
in Kyoto University Japan This work was partially sponsored by
the Air Force Office of Scientitic Research. The work at Emma-
nue' College was was supported by AFGL contract F19628-81-K-
0011,
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ABSTRACT

The results of 250 MHz scintillations observed during ionospheric heating in bcth the overdense
(heater frequency below the critical frequency) and the underdense (heater frequency above the .ri-
tical frequency) cases with the high-power high frequency transmitter at Platteville, Colorado are
discussed. In the overdense case, strong irregularities are found to be excited promptly within a
few seconds giving rise typically to scintillations in the range of 3-6 dB at 244 MHz. In the under-
dense case of heating, on the other hand, weak irregularities are usually excited after some delay
and are found to cause 1-3 dB scintillations in the 2&4 MHz - 249 MHz frequency range, although one
10 d8 scintillation event was encountered on a field aligned propagation path. The temporal! struc-
tures of scintiliations in the two cases of heating are found to be very different, with stow
fadings dominating the scintillation structure in the underdense case. The spatial structures of ir-
regularities generated in the two cases of heating are discussed from power spectral studles of scin-
tillations and measurements of Irregularity drift speed from spaced receiver scintillation observa-
tions.

Observations of radio star and satellite scintillations associated with ionospheric heating by
the use of the newly constructed facility at Arecibo are also discussed. Radio star measurements
were conducted at 50 and 430 MHz while geostationary satellite observations with three spaced re-
ceivers were made at 250 MHz. These preliminary measurements indicate discrete ‘clumping' of irreg-
ularities near the center of the heated volume and a weak wavelength dependence of scintillations.

INTRODUCT ION

It has been established that high power high frequency radio waves reflected from the ionosphere
can not only introduce the expected modification of electron gas temperature and number density near
the altitude of reflection (Gordon et al., 1971; Utlaut and Cohen, 1971), but can also give rise to a
variety of physical phenomena related to non-linear plasma physics (for comprehensive reviews see
Parkins et a)., 1974; Car)son and Duncan, 1977; Fejer, 1979; Gurevich, 1978). Among the various
manifestations of plasma instabilities induced by the heating experiments, the generation of artifi~
cial spread-F was one of the most striking and immediate experimental results (Utlaut et al., 1970;
Utlaut and Violette, 1972; Wright, 1973). The generation mechanism of long wavelength {*1 km) field
aligned irregularities remained obscure for quite sometime and is now attributed either to thermal
self-focusing (Perkinrs and Valeo, 1974; Thome and Perkins, 1974) or to stimulated Brillouin
scattering (Cragin and Fejer, 197h4). The substantial level of the spect-al intensity of km-scale
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irregularities was subsequently demonstrated from the observations of scintillations of VHF/UHF sig~
nals received from radio stars and satellites through the artificially heated ionospheric volume
(Rufenach, 1973; Pope and Fritz, 1974; Bowhill, 1974). Bowhill (1974) perfcrmed scintillation
measurements with both geostationary and orbiting satellites and established the field-aligned nature
of the irregularities, thelr transverse scale size and drift velocity. In all the above studies, the
heater wave frequency was below the critical freugency of the F region. Recently, Basu et al (1980)
have performed scintillation measurements on the ground and on the moving piatform of an aircraft
with geostationary satellites when the heating transmitter was operated at a frequency both below and
above the critical frequency of the F region. -

In the overdense case of heating (heater frequency below the critical frequency), they noted a
prompt excitation of the irregularities causing as large as 10 dB scintillazions at 250 MHz. On the
other hand, in the underdense case when the heater frequency was about 15% nigher than the critical
frequency, they observed a delayed and often sporadic onset of long period scintillations not
generally exceeding 3 dB at 250 MHz. Perkins and Goldman {1981) have recently considered a theory
of selif-focusing instability in an underdense ionosphere and have predicted the generation of sheet-
like irregularities aligned with the magnetic meridian that could have given rise to the scintilla-
tion effects discussed above.

In the present paper, we shall utilize our earlier geostationary satellite scintillation obser-
vations (Basu et al., 1980) performed in conjunction with ionospheric heating at Platteville for a
study of the spectral characteristics of scintillations in the overdense and underdense cases of
heating. We shalil also discuss our recent results of radio star and satellite scintillation measure-
ments in conjunction with fonospheric heating at the newly constructed facility at Arecibo.

EXPERIMENTAL DETAILS

The experimental details and the geometry of scintillation observations performed in conjunction
with the heating transmitter at Platteville are outlined in Basu et al. (1980) and will not be
repeated here. During December 1980, radio star and satellite scintillation measurements were con-
ducted at Puerto Rico by using the newly constructed h.f. heating facility at Arecibo. Figure 1
shows the extent of the central heated region at 200 km altitude above the heating facility as
limited by the estimated half power beam circle at 5 MHz (35 km E-W and 70 km N-S). Each of the
four transmitters were operated at 75 kw power level during the period of observation. Ordinary
mode heating was performed during the period of observation. The intersections of the ilonospheric
height of 200 km with the ray paths from the Roosevelt Roads Naval Station to the LES-9 satellite
are shown in Figure 1. The subionospheric (200 km) tracks of several radio sources, namely Taurus,
3C 166 and 3 C 210 as viewed by the 1000 ft radio telescope at Arecibo are shown in Figure 2. Radio
star scintillation data were acquired during the meridian transit of these sources. The LES-9
satellite scintillation measurements were performed at 249 MHz with three spaced receiving systems.
Scintillation measurements with Taurus were performed at 50 MHz with the 1000 ft reflector at
Arecibo. The 50 MHz receiving system was kindly placed at our disposal by Dr. J. Rottger of Max
Planck Institute, Lindau, West Germany. The other radio sourzes were observed with the 430 MHz
receiving system of the Arecibo Observatory.

OBSERVATIONAL RESULTS

Figure 3a shows a 15 minute scintillation data segment that was obtalned at Carpenter, Wyoming
by the use of 249 MHz transmissions of LES-8 satellite on March 13, 1980. The heater at Platteville
was operated at 9.9 MHz with ordinary mode polarization and the critical frequency of the F region
was 10.3 MHz. The normalized second central moment (S4) of intensity scintillations was 0.37.

Figure 3b shows the corresponding scintilfation spectrum. The high frequency roll off starts at a
frequency of about 0.2 Hz and the slope of the roll off portion corresponds to a frequency (f) de-
pendence of f-2-5, The observed slope is shallower as compared to the spectral slope of natural
scintillations at midlatitudes., It should be noted that detectable spectral intensity is obtained at
several Hz in the case of overdense heating.

In Figure ba we show a sample of 249 MHz scintillation observed at Carpenter, Wyoming on March
'3: 1980 during an underdense heating cycle. The heater frequency was 9.9 MHz during this cycle
while the critical frequency of the F region was 7.9 MHz. The quasi-perfodic fluctuations are
reminiscent of naturally occurring scintillations caused by ionization gradients. Figure 4b shows
the corresponding scintillation spectrum which indicates that the spectral power is concentrated
below about 0.3 Hz with a very sharp high frequency roll-off.

Figure Sa illustrates another scintillation data sample acquired at Carpenter, Wyoming on
March 13, 1980. The heiter frequency was 9.9 MHz and the critical frequency was 8.5 MHz during this
underdense heating period. Figure Sb shows the corresponding power spectrum. Spectral power is
Concentrated over the low frequency band and 2 very shaiiow slope (F~1.2}) is ostained cver the roll-
off portion. The comparison between the spectra obtained under two different kinds of heating
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indicates that while spectral power exists up to several Hz in the overdense case, almost all the
power is confined to frequencies below | Hz in the underdense case.

We shall now examine the results of satellite and radio star scintillation measurements that
have been performed at Puerto Rico In conjunction with ionospheric heating (on December 22, 1980).
Sustained heating cycles over several hours were maintained during this test in contrast to the 15-
minute or shorter duration of heating cycles employed at Platteville.

Figure 6 shows 249 MHz scintillations observed at Roosevelt Roads station during an overdense
heating cycle. The heater at Arecibo was operated at 5.)! MHz and radiated ordinary mode polariza-
tion. The ray path to the satellite intersected the western fringe of the half power beam circle as
shown in Figure 1, Scintillation index of 2.5 dB corresponding to the S§ index of about 0.15 was
obtained.

Figure 7 shows scintillations observed with the Taurus radio source at 50 MHz during an over-
dense heating period. A peak to peak fluctuation of 3.7 dB corresponding to Sy index of 0.21 is
obtained.

Figure 8 shows scintillations observed with radio source 3 C 166 at 430 MHz during another over-
dense heating period. Maximum scintillation activity of about 0.8 dB was recorded. f we compare
the scintiltation levels obtained with Taurus and 3 C 166 at 50 MHz and 430 MMz respectively, a very
weak frequency dependence (f~-5) of scintillation is obtained. It should be emphasized, however,
that the above comparison is not strictly valid since the measurements were not simultaneous. How-
ever, we make the assumption that steady state heating conditions were achieved and the background
ionosphere did not change greatly during the fifty-minute delay between the two sets of observations.

Figure 9 shows the weak and slow variations of signal intensity of 3 C 210 at 430 MHz when the
heater frequency was marginally higher than the critical frequency. Such variations of signal inten-
sity were recorded briefly during underdense heating as was the case also at Platteville.

The interesting differences of the irregutarity characteristics in the underdense and overdense
cases of heating as discussed in this report needs further study. We plan to perform similar exper-
ments with ground based and airborne instruments at Arecibo later this year.
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Coordinated Study of Subkilometer and 3-m Irregularities in the F Region
Generated by High-Power HF Heating at Arecibo

SANTIMAY Basu AND SUNANDA Basu

Emmanuel Colleye

S. GanGuLY AND W. E. GORDON
Department of Space Physics, Rice University

High-power high-frequency transmitters near Arecibo were used to generate artificial ionosphenc
irregularities 1n the F region. Radio star scintillation observations at 430 MHz were performed at
Arecibo lonospheric Observatory with the 305-m antenna, and radar backscatter measurements at 50
MHz were simultancously made from Guadeloupe Island to probe the subkilometer and 3-m irregu-
larities in the heated volume. Scintillation studies indicate a low-frequency modulation of the faster
intensity fluctuation structure. By the use of plasma drift data this low-frequency temporal structure
translates to spatial dimensions of 1-2 km. The frequency of the modulation envelope 1s found to be
controlied by the heater power and is related to the dominant irregularity wavelength generated by the
self-focusing instability. Scintillation spectra imply a steep power law index of —35 in the scale length
range of about 300 m to 150 m and a shallow index of —2 at less than 150 m. The steep power iaw index
may arise from an aperture averaging effect of the large 305-m antenna at Arecibo. Simultaneous
measurements of 430-MHz scintillations and 50-MHz radar backscatter from field-aligned stnations
were performed to show that subkilometer wregulanities can be generated by both O and X mode heating
whereas the 3-m irregularities are excited only by the O mode heating, as 1s predicted by the theones of
self-focusing and parametric instability. The width of the S0-MHz echo Doppler spectra is observed to be
very narrow, only ~2-3 Hz, and independent of the background plasma drnift, implying that the fre-
quency bandwidth of the scattered signal is probably controlied by the instability process.

INTRODUCTION In view of the above, a combination of irregularity diag-

High-power high-frequency radio transmitters operated NOstic experiments was planned during Scptember 22-26,
from the ground have been successfully used to excite various 1981, when the ionosphere above Arecibo was modified by the
types of plasma instabilities in the ionosphere. In terms of high-power radio transmitters at the Islote heating facility. On
these instability mechanisms it has been possible to explain  two nights the Arecibo incoherent scatter facility was used to
the generation of irregularities of electron density spanning a  obtain information on background ionospheric parameters
scale length range of tens of centimeters 10 a few kilometers such as electron density, electron and ion temperatures, and
[Carlson and Duncan, 1977: Fejer. 1979, and references vector plasma drifts. The plasma parameters and drifts were
therein]. measured to help the interpretation of airglow, digital iono-

In this paper we present the first study of the characteristics sonde, and scintillation measurements made by the airborne
of field-aligned subkilometer and meter scale irregularities of  ivnospheric observatory of the Air Force Geophysics Labora-
electron density that were generated simultaneously within a  tory [S. Basu et al., 1982]. The heater-induced modifications
common ionospheric volume above Arecibo by the use of the  detected by the moving platform are being studied carefully,
newly constructed ionospheric modification facility at Islote, ~and these results will not be discussed in this paper.
Puerto Rico. The generation of meter scale and subkilometer As mentioned earlier, the major objective of the paper is the
irregularities is attributed to very different plasma instability study of heater-generated irregularities of different scale
mechanisms. The ficld-aligned meter scale irregularities of  lengths. The subkilometer irreguiarities were studied by the
electron density that give rise to VHF radar backscatter are  1adio star scintillation technique at 430 MHz using the 305-m i
explained in terms of the dissipation of parametrically excited  reflector on the nights of September 24 25, 1981, and Septem- !
Langmuir waves [ Perkins, 1974; Lee and Fejer, 1978] or the  ber 26-27, 1981. On the latter night the meter scale irregu-
thermal coupling between the Langmuir waves repeatedly  larities were simultaneously detected by means of a coherent
scattered by a growing striation [Inhester et al., 1981]. On the  backscatter radar at 50 MUz operated from the island of
other hand, the generation of kilometer scale irregularities, (iuadeloupe. We study the etlects of wave polarizations of the
which cause radio wave scintillations [S. Basu et al., 1980, and  eater on the generation and decay of subkilometer and meter
references therein], is attributed to some type of sell-focusing  scale irregularities. In addition, we present a detailed study of
instability [Perkins and Valeo, 1974; Fejer, 1973; Goldman, the temporal structure of scintillations and discuss the implhi-
1974; Cragin et al., 1977]. In view of the very different insta-  cations of a low-frequency modulation observed in the data.
bility mechanisms involved in the two cases, the character-  The Doppler spectra of the 50-MHz backscattered signal are
istics of meter and kilometer scale irregularities are distinctly  frund to be u good ndicator of the background piasma drifts.
different. However, mutual interactions are expected through  These spectra are found to be rather narrow. the width being
the effects of the irregularities of electron density on the high-  independent of the ambient dnifts.
frequency radio wave that drives both instabilities.

i
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Fig. 1. Geometry of scintillation and radar observations.

in the diagram. It is at an azimuth of 33° and at a distance of radio sources through the heated volume corresponding to the
3 17 km from the Arecibo [onospheric Observatory (AIO). The main lobe. Figure 1 also shows the Guadeloupe station from
HF antenna system consists of a broadside array of 32 log- which 50-MHz radar backscatter measurements were per-
periodic antennas which gives rise to a main lobe with a half- formed. A nominal pulse width of 25 us with the interpulse
o power beam area of 20 km (E-W) x 40 km (N-§) at an altitude  period varying between 1.3 and 1.9 ms was employed in the
of 250 km for a frequency of 5 MHz [Gordon and Dobeiman, radar system. The data were analyzed in five slant range bins
1982]. Considering only the nearest grating lobes, we estimate  each of width 15 km covering the altitude interval 150 to 283

L) -
‘:’;‘. that at 5 MHz a power density of about 50 uW/m? is obtained  km near the heater site. It should be noted that the radar line
N - at 250 km for a total transmitter power of 300 kW and radi- of sight becomes orthogonal to the earth’s magnetic field at an
250 ation efficiency of 50%. All the experiments involved “over- altitude of about 254 km above the heater site and conse-
e dense™ heating with the heater operating CW at a frequency quently the backscattered power becomes maximum when
vy lower than the penetration frequency and the radiated wave heating is performed at this altitude.
' polarization corresponding primarily to the ordinary mode Figure 2 shows the time sequence of ionospheric heating,
1\:? (left circular) except during certain sessions when the extra- the heater frequency, and the polarization modes employed on
ordinary mode (right circular) was employed. The 305-m radio  the two nights, September 24-25 and September 26 -27, 1981.
N ~ telescope at the observatory was used to track a variety of It also shows the time variation of the altitude of the enhanced
{
f
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Fig. 3. Subionospheric tracks of radio sources through the heated volume for September 24-25, 1981.

plasma line determined by the incoherent scatter radar. It may
be noted that on September 24-25 the height of the plasma
line decreased by about 50 km, signifying the occurrence of
the so-called midnight collapse, ie., the phenomenon of the
rapid drop of the height of the maximum ionization density in
the F region [Su. Basu et al., 1981, and references therein],
whereas on September 26-27 the plasma line height remained

mum detectable level (5%) of intensity scintillations at 430
MHz. On two tracks, the onset of scintillations could not be
marked because of an insufficient time interval between the
successive transits of radio stars. The elliptic area of dimension
50 km E-W and 100 km N-S centered about the heater lo-
cation (H) covers the zone of 430-MHz scintillations indicated
by the crosses. Since the half-power beam dimension is ap-

nearly constant at 275 km around midnight, which indicates * proximately 20 km x 40 km, we conciude that the dimension

an absence of the collapse phenomenon.

The intersection of the propagation path from the Arecibo
Observatory {A) to a variety of radio sources with the iono-
spheric height of 250 km, known as the subionospheric posi-
tion, was obtained. The subionospheric positions of these
radio sources at different Atlantic standard times (AST)
marked along the tracks are shown in Figure 3. The crosses
marked on each track signify the start and end of the mini-

of the irregularity zone exceeds the half-power beam dimen-
sion by a factor of 2 to 3. It should be mentioned that if the
median altitude of the irregularities corresponds to the
250-km altitude of the enhanced plasma line, the Fresnel zone
radius of scintillation measurements corresponds to 420 m.
Thus 430-MHz scintillations yield the distribution of the
dominant 400-m irregularity scale length. A slight asymmetry
between the start and end locations of scintillation with re-
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Fig. 4. Heater-induced 430-MHz intensity scintillation data using 3C466 and corresponding spectra for two levels of

heater
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note that as the low-frequency modulation period decreases
with increasing transmitter power, the small-scale irregu-

92240 Bast, ET at.: Kin OMETFR AND METER IRREGUEARITIES DURING HF HEATING
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Fig. Sa. Temporal structure of 244-MHz scintiltations from LES-8
obtained with the Platteville heater on March 13, 1980.

spect to the heater may be noted for the radio star 3C43. The
westward extension of the irregularities is about 3 km, which
can be explained if we assume a decay time of 3 min and a
typical westward plasma drift of approximately 15 mys at Are-
cibo in the postmidnight time frame.

Figure 4 shows one short section of the temporal structure
of scintillations observed at 430 MHz from the radio source
3C466. The sudden jumps in the record immediately prior to
2340 and 2350 AST are due to 21°K calibration pulses super-
posed on the radio star signal. In the lower panel, intensity
scintillation spectra over 7-min intervals starting at 2340 AST
and 2350 AST are shown. The S, index, or the normalijzed
second central moment of signal intensity [Briggs and Parkin,
1963], is indicated in both spectra. From a close examination
of the top panel it is found that the fast fluctuations are modu-
lated by a low frequency. Prior to 2347 AST this low-
frequency modulation period is about 50 s (corresponding to a
spatial wavelength of 1.5 km for an assumed horizontal drift
of 30 my/s). Afterward, the time period decreases to about 45 s,
a decrease by a factor of 1.1. The sudden decrease of the
modulation period could be related to an increase of the
transmitter power from 200 kW to 300 kW. It is interesting to

LES-8
547037

RELATIVE POWER

larities also become more intense as clearly demonstrated by
the increased power spectral density at a frequency of 0.2 Hz
in the 2350 AST spectrum.

The spectra of radio star scintillations at 430 MHz illus-
trated in the bottom panels of Figure 4 indicate a steep spec-
tral roll-off (f* immediately above the Fresnel maximum
followed by a slower roll-off (f %) at higher frequencies. By
identifying the Fresnel frequency with the first roll-off point in
the spectrum and knowing the height of the diffraction screen
(which can be identified with the height of the enhanced
plasma line). it is possible to make an approximate conversion
of the frequency scale to the spatial scale. On the basis of this
conversion, it is found that the steep roll-off portion of the
spectra corresponds to the irregularity scale length range of
300 !50 m, so that the change in the spectral slope occurs at a
scale length of about 150 m. Similar forms of spectra
characterized by two spectral indices have been reported by
Getmantser et al. [1976) and Erukhimor et al. [1977. 1979}
from intensity scintitllation observations and more recently by
Livingston [1983] from phase scintillatton measurements.
There exist, however, considerable differences between these
observations regarding the spectral indices of the two compo-
nents and the scale length at which the break in slope occurs.
In contrast to the two-component spectra, the results of §.
Basu et al. [1981] pertaining to the observations along the
magnetic field line indicated a single-component high-
frequency roll-off of approximately f~2° to f** above the
Fresnel maximum. An example of such scintillation and its
spectra obtained at Platteville with a geostationary satellite is
shown in Figures 5a and 5h. The spectral index in this case is
found to be —2.5. We shall discuss later the possible impli-
cations of the two-component spectra illustrated in Figure 4.

On the night of September 26-27. 1981, simultaneous
50-MHz radar backscatter measurements from Guadeloupe
and 430-MHz scintillation measurements at Arecibo were per-
formed. Figurc 6 shows a section of 430-MHz radio star scin-
tillation data obtained at Arecibo along with the relative
power of the S0-MHz radar backscatter in different range
intervals received at Guadeloupe from the 3-m field-aligned
density striations generated above the heated volume. The

I3 MAR 1980
CARPENTER, WYO
0200 UT

) . s e e e sani

10° 10" Y

FREQUENCY

tra. 5. Intenaty sanidlation spectruin corresponding to data shown in Figure Sa.
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Fig. 6. Intensity scintillations at 430 MHz (top panel) and simultancous 50-MHz radar observations during switching of
wave polarization from O mode to X mode at 0109 AST.
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Fig. 7c. Same as in Figure 7a except for 0109:18 AST on September
27, 1981,

successive histograms in the bottom frame indicate a fluctu-
ation of 50-MHz echo power. In view of the elongation of 3-m
irregularities along the magnetic field, the strength of the
backscattered signal is expected to be maximum when the
ionospheric heating is performed at an altitude of 254 km
which, as mentioned before, satisfies the orthogonality cri-
terion of radar observations from Guadeloupe. From Figure 6
it may be noted that echo power is indeed maximum between
ranges 4 and 5, corresponding to an altitude interval of 250-
280 km. Stmultaneous 1incoherent scatter radar measurements
indicated that the altitude of the enhanced plasma line at this
time was 275 km. At 0109 AST the wavc polarization was
changed from O mode to X mode. Prompt quenching of the
50-MHz backscattered power is noted at ali ranges, but scin-
tillations continued through the switching of wave polariza-
tion and persisted for the duration of X mode heating. This
established that the subkilometer irregularities causing scintil-
iations can be excited by both O and X modes as was es-
tablished for artificial spread F [Utlaut and Violette, 1974},
Figure 7a shows the Doppler spectrum of the 50-MHz
hackecattered signal from striations. Similar measurements
had heen made carlier in conjunction with heating experi-

ments at Platteville and Guadeloupe [Fialer, 1974; Minkoti

and Kreppel, 1976 Duncan and Gordon, 1977 Eckiund et al.,
19811 The Doppler shift corresponds 1o a radial drift of 3-m
reguldrities at 40 mis toward Guadeloupe The width (¢ ' 1)
of tiie Doppler spectrin is observed to be very narrow, only 2.3
7 Pregures 7h and 7o show the Doppler spectral sequence
proos tooand after the swaitchinmg of wave polanization from 0
mode o X maode Bagure 7h when compared 1o Fagare 7a

shoews g reduction n the Fre of sight velooty to 19 mes In
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of the switching of the heater wave polarization from 0 to X
mode at 0109 AST. Table 1 lists the results of echo Doppler
spectral analysis on the night of September 26-27. 1981. It
may be noted that the driit of the striations varied from 40
m/s to 10 m/s and remained radial toward Guadeloupe (i.e.
castward). The persistence of an equatorward plasma drift
around midnight did not allow any midnight collapse to occur
on this night. as noted earlier. It should also be mentioned
that the ¢ ! width ol the Doppler spectra also listed in Table
| varies between only 2 and 3 Hz, implying extreme aspect
sensitivity even when the background drift varies by a factor
of 4. The bandwidth of the Doppler spectra is thus indepen-
dent of the vanation of the background plasma drift.

We studied the rate of decay of the 50-MHz backscattered
signal when the wave polarization of the heater was changed
from the ordinary to the extraordinary mode. In Figure 8 we
show the time varnation of echo power from a siant range of
690 km, corresponding to an aititude of 250 km above the
heater, expressed in decibels above the power received outside
the heated volume at a range of 645 km. Each data point
represents an average over a 0.1-s time interval. An abrupt fall
of echo power after 0051:40 may be noted when O to X mode
switching was performed. in view of an inherent signal fluctu-
ation with a period of about 0.5 s during the O mode heating.
it is difficult to obtain a precise value of the e-folding time, for
the decay. However, we may conclude that the e-folding time
of 3-m field-aligned striations is of the order of 1 to 2 s rather
than tens of seconds as reported by Minkoff and Kreppel
[1976].

DISCUSSIONS

The most interesting feature of our radio star scintillation
measurements_at Arecibo during ionospheric heating is the
detection of a low-frequency modulation envelope of the fast
scintiliation structure. We showed that the period of the en-
velope modulation is 4-5 times the dominant fading petiod of
scintillations. Since the dominant fading period of 430-MHz
scintillations corresponds to an irregularity scale length of
about 400 m, the spatial dimension of the envelope modula-
tion is estimated to be about 1.5-2 km. Since such spatial
dimensions are larger than the Fresnel zone, they cannot affect
the scintillation structure through a diffractive process. How-
cver, we can explain the temporal structure of scintillations if
we consider that the heater wave ficld intensity is spatially

TABLE 1. Results of 50-MHz Doppler Spectral Observations
September 26-27, 1981

Radial Drift Width of

Time, Toward South, Doppler Spectra,
AST m/s Hz
233x ¥ 21
2343 41 2.1
2348 42 23
2353 41 23
0012 kT 21
0017 37 25
0022 3 27
0027 30 21
0034 0 23
a0 27 24
LI 1% 17
0o0sn 16 20
alon 13 20
0106 10 22

o
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Fig. 8. Decay of 50-MHz backscattered power when wave polar-
ization switched from O mode to X mode at 0051:40 AST on Septem-
ber 27, 1981,

modulated at kilometer scales through the scif-focusing insta-
bility [Perkins and Valeo, 1974; Cragin et al, 1977], gener-
ating a series of “hot" spots where small-scale irregularities
develop through a cascading process and are convected across
the propagation path. Such a signature of large-scale spatial
modulation of enhanced plasma line intensity was first detec-
ted by Duncan and Behnke [1978] at Arecibo. Recently, Farley
et al. [1983] used simultaneous satellite in situ and radar data
at Arecibo during ionospheric heating and established that the
kilometer scale variations of clectron density do indeed cause
variations of similar scale in plasma line intensity. We showed
that the period of the large-scale modulating structure in scin-
tillations varies in response to a variation of heater power, as
is expected from the seif-focusing instability theories of both
Perkins and Valeo (1974) and Cragin et al. [1977). However,
the former theory predicts that the dominant wave number
should vary as the square root of the threshoid power density
while the latter predicts a variation proportional to the fourth
root of power density. Our observations indicated that an
increase of power density by a factor of 1.5 results in a de-
crease of irregularity wavelength by a factor of 1.1, which
follows almost exactly the predictions of Cragin et al. [1977].
It should, however, be pointed out that the theoretical predic-
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uons pertain to the lincar theory whereas the observations
presumably represent nonhaear conditions (L. M. Duncan,
private communication, 1983). It is interesting to note that
Farley et al. [1983] have also calculated the threshold power
density from measurements of background plasma parameters
and the dominant irregularity wavelength and found better
agreement with the theory of Cragin et al. [1977]. We intend
(o test the two theories in future experiments by changing the
power density over a wider range and observing the change in
the period of the modulation envelope.

From a determination of scintillation index (§,) defined as
the normalized second central moment of signai intensity it is
possible to determine the irregularity amplitude AN/N, where
AN is the rms electron density deviation and N the average
electron density. We observed a maximum scintillation index
of S, = 0.07 at 430 MHz during the meridian transit of 3C466
on September 24, 1981. At this time the heater transmitted an
0 mode wave at 5.1 MHz, the transmitter output was 200 kW,
and the height of the plasma line measured after the transit
was 258 km. We assumed that the irregularity layer height
was also 258 km; the irregularity layer thickness was 100 km
{ Livingston, 1983; J. Buchau and L. F. McNamara, private
communication, 1983]; and the outer scale of turbulence was
2 km, corresponding to the low-frequency envelope modula-
tion of the scintillation structure and the power law index of
scintillation spectra as 4. By using the weak scatter theory as
developed by Rino [1979], we found that the S, index of 0.07
at 430 MHz corresponds to an irregularity amplitude of
AN/N = 1.4% if the irregularities are in the form of rods with
an axial ratio of 5:1:1, the elongation corresponding to the
direction of the magnetic field. If, instead, the irregularities are
assumed to be sheets oriented paraliel to the magnetic meri-
dian, the irregularity amplitude required to cause the same
level of scintillation is reduced. Since Duncan and Behnke
[1978] observed a somewhat longer correlation length in the
magnetic meridian plane as compared to the magnetic E-W
direction, sheetlike irregularities in the meridian with axial
ratios of 5:2:1 seem to be more appropriate. For 5:2:1
sheets an irregularity amplitude of AN/N = 1% is sufficient to
cause the same level of scintillation (S, = 0.07). This estimate
is within a factor of 2 of the measurement of irregularity am-
plitude by the Atmosphere Explorer E satellite [Farley et al..
1983]. A more careful measurement of irregularity anisotropy
by spaced receiver scintillation observations is necessary. This
is because of its importance in resolving differences between
existing theories of self-focusing instabilities as pointed out by
Farley et al. {1983].

The general form of radio star scintillation spectra observed
at Arecibo having two spectral indices is substantiated by
other observations of heater-induced scinullations [ Erukhimov
et al, 1977, 1979; Livingston, 1983). The two-component spec-
trum may be qualitatively explained by considering a source
region of limited altitude extent having a wide range of irregu-
larity scale sizes with a shallow spectral index as well as the
varying cfficiency with which the irregulantics of different
scale lengths in the source region can map along the magnetic
ficld [Furley, 1959, 1960). In view of the fact that the large-
scale wrregulanties are able to map more efficiently out of the
source region than the small-scale wrregularities, the integrated
electron density deviation wili t. facger at the large-scale
length end. giving risc to the obscrved steeper slopes. On the
other hand, the steepness of spectral slope may arise as a
result of smoothing caused by the large 305-m diameter reflec-
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e aed atienu-
atcie chie dflracted Geld at spatal dimensions correspond-
e o half the damerer of the reflector. Since the Fresnel
armension of 430-MH, scintitlation s about 400 m, the uselul
part ol the scintillation spectrum 1s affected by the antenna
smoothing effect. During December 23, 1980, we could make
rrdio star seintillation measurements at a lower frequency
vihsimg the 46.8-MH/ radar system of Max-Planck-institut
fir Aeronomie (courtesy J. Rouger) temporacily stationed at
Arecrbo. The scintillation spectra again exhibited a steep slope
between the spatial dimensions of about 300 m and 150 m,
implving that the diameter of the antenna aperture dictates
the range of spatial dimensions where the attenuation of
power spectral density occurs rather than the antenna beam
widthy which is frequency dependent and different at 430 MHz
and 468 MHuz. Recently, Farlev et ul. [1983] have discussed
the spatial filtering effect of the Arccibo antenna on radar

ceovddorenadt inu o

“ohservations of the temporal structure of the enhanced plasma

line during heating experiments.

Simuitaneous 50-MH/ radar backscatter and scmntillation
meza-urements provided an opportunity to studyv the coexist-
ence of subkilometer and 3-m field-aligned irregularities
during O mode heating. The quenching of small-scale field-
aligned striations when the heater wave polanzation is
changed from O mode to X mode reconfirms that the stri-
ations are a consequence of parametric decay instability. Since
the large-scale irregularities are attributed to differential heat-
ing of the electrons by a beat wave arising from the incident
and scattered electromagnetic waves [ Furley et al., 1983], po-
larization of the heater wave is expected to have no effect on
these irregularities. On the other hand. the field-aligned meter
scule density striations, generated by the plasma turbulence
sesolting from parametrically excited Langmuir waves, are ex-
pested onlv during the /) mode heating. This is becasue the
extraordinarv wave for which the angular frequency o > ),
+ 401y (where s the plasma frequency and wy the gyro-
frequency) cannot parametrically excite Langmuir waves
[Fejer, 19791,

As mentioned earlier, it is difficult to provide an accurate
estimate for the decay time of 3-m field-aligned irregularities
hecause of the presence of large-amplitude short-period (~0.5
s Huctuatons, [t seeres, however, that 4o outer bound for the
e-folding time of about 1-2 s 1s fairly representative of our
observations. This estimate 1s considerably shorter than § s
obtained by Minkoff and Kreppel [1976]. The discrepancy be-
comes even more pronounced when one considers that these
authors studied 95 cm irreeularitics through their 157-MHz
observations Tt may be irentoned that cross-tield diffusion
teese canes directly as the square of the rregulanty wave-
iength. We also mention here that small-scale striations exhi-
Hied @ long-period modu'ation of the order of a minute,
wten s heng analyzed a0d compared with simedar modula-

Covroetgrs af e e

Wb deterimned thit the S0-MHL. Doppier spectra are
very narrow and their handwidths are independent of the
rangnitude of the ambient plasma dnft. The extremely narrow
vt prphably sipmpties ot s controfled by the peneration
soec enem pather ihon v caiar canasablers drifte s predie.
slodtheory {Lee and Ferer, 1978 Inbesier co ad, 194t
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