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scintillation events, signifying thereby that the patches containing 3-rn irregu-
larities also contain kilometer-sized irregularities, giving rise to the radar
backscatter and scintillations, respectively. By comparison of the onset timei
of scintillation on different propagation paths separated in the east-west direc-

S tion, as well as by performance of spaced receiver scintillation measurements
at Ancon, the drift speed of Irregularities was determined. The irregularities
were observed to drift eastwards at a speed ranging between 90 and 140 m per
sec during 1900 and 2400 local time. From a knowledge of the derived value o
drift speed and the duration of scintillation events , the irregularity patches
were found to have eastward dimensions between 100 and 800 kilometers.

On a statistical basis, the irregularity patches detected in the scintillation
experiment were noted to be preponderant to those giving rise to thick radar
backscatter structures. This indicates the possibility of having equatorial
irregularity patches with spectral powers concentrated at large scale sizes
only.
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Equator ial Irregularity Campa igns

Part I: Correlated Scintil lation and Radar
Backs catter Measurements in October W76

~S l

1. INTRODUCTION

For several decades, the nighttime F-region irregularities of electron density

at equatorial latitudes have been studied by observing the spread-F signature on

ionograms and scintillations in transionospheric communication links. 1-3 The re-

sults of these studies established the existence of a narrow belt of strong F-region

irregularities in the equatorial region, but they failed to provide an insight into the

physical mechanisms of irregularity generation. Craft and Westerlun d4 reported

that a substantial amount of scintillation occurs at frequencies as high as several

gigahertz in practical communication systems operating over the equatorial region.

This was unexpected in the context of prevailing theories and thus provided an incen-

tive to further stu dies of the problem. In recent years , a variety of new and

(Received for publication 22 November 1977)

1. Booker, H. G., and We lls. H. W. (1938) Scattering of radio waves by the
F-region of the ionosphere. J. Geophys. Res. ~~:249-256.

2. Aarons, J. Whitney. H. E., and Allen. R. S. ( 1971) Global morphology of
ionospheric scintillation, Proc. IEEE ~~: 159-172.

3. Skinner. N. J. , and Kelleher, R.F .  (1971) Studies of F-region irregularities
at Nairobi, I - From spread-f on ionograms 1964-1970, Ann. Geophys.
27 :181- 194.

4 . Craft, H. D. ,  and Westerlund , L. H. ( 1972) Scintillation at 4 and 6 GHz caused
by the ionosphere, AIAA Paper No. 72-179 , American Instit ute of Aero-
nautics and Astronautics Library . New York. S
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powerful experimental techniques, such as measurements by rockets and satellites,

HF forward scatter and VHF radar backscatter measurements have been employed
to explore the equatorial irregularities. 

S

The satellite in sit u measurements have shown that the equatorial F-region
irregularities occur in regions of large scale plasma depletions with an abundance
of molecular ions and that the irregularities exhibit an upward and westward compo-

5 6 ~nent of plasma motion. ‘ These measurements also indicate that the nighttime
irregularities of electron density at F-region heights can be of the same order as
the mean density7 and that the one-dimensional irregularity wavenuinber (k)

spectrum follows a k law from a few kilometers to a few tens of meters. 8 By
utilizing the above wave number spectrum and the in situ measurements of electron
density deviation. Basu et a19 have developed the morphology of equatorial scintilla- S

tions and demonstrated a pronounced longitude variation of these scintillations.
The rocket measurements of the equatorial irregularities at F-region heights

corroborated the power law variation of irregularity power spectrum 10’ ~~ as es-
tablished by satellites; Kelley et al1° obtained evidence of irregularity transport
from the bottomside to the topside ionosphere during the development phase. This

lends support to the currently proposed theoretical mechanisms of initial develop-
ment of holes in the marginally stable bottomside ionosphere and their upward
transport by means of buoyancy forces well into the stable topside ionosphere.

The 50-MHz radar backscatter experiment performed at Jicamarca, PE ru ,

has recently ernpl~~ ed the digital power mapping technique of the backscatter echoes
from 3-m irregularities. These maps reveal the existence of 3-rn irregularity
structures rising from the bottomside ionosphere well into the topside. 12 The
irregularity structures are usually observed to be tilted towards the west and found
at times to occur at periodic intervals. The HF forward scatter experiments per-
formed earlier in the equatorial region gave evidence of irregularity patches exist-
ing in quasi-periodic patterns and extending h undreds of kilometers in the east-
west direction. 13

These experimental investigations have becn supported by computer simula-
tions 14 and analytic work on the formation of equatorial irregularities. 15 , 16

Haerendel 15 has shown that a four-step hierarchy of instabilities starting with
collision-dominated Rayleigh-Taylor and ending with driftwave instability can ex-
plain the generation of nighttime equatorial irregularities having scale sizes from
tens of kilometers to a few meters. On the other hand , Hudson and Kennel 16 show 

S

that meter-wave irregularities can be directly generated by driftwave instability
mechanisms.

Because of the number of references appearing on this page, footnotes will not be
included. See References,  p. 49.
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Basu and Kelley 17 have recently reviewed the foregoing theoretical and experi-
S mental studies and concluded that they have considerably improved our understanding

of the nighttime equatorial irregularities . However , these authors point out that
some of the basic questions remain unresolved. For example , it has not been es-

tablished if the generation mechanism Is related to the passage of the terminator
(or sunset line), or to the existence of suitable local conditions In certain spatial

locations. The nighttime equatorial irregularities exhib it marked day -to -day

S variability. A night showing the presence oF intense irregularities may be followed

by another characterized by a total absence of irregularities. Finally, the relation-

ship between the meter-sized irregularities causing the VHF radar backscatter , and

the kilom eter-sized i”regularities , giving rise to VHF and UHF scintillations has

not been sufficiently explored.
In view of the foregoing objectives , an intensive study of equatorial irregulari-

ties was undertaken during 16-30 October 1976. During this period , the 50-MHz

radar backseatter experiments were conducted at Jicamarca , and simultaneous

scintillation measurements were made at two nearby ground stations (Ancon and

Huancayo , both in Peru) with geostationary and orbiting satellites . In addit ion,

aircraft were employed to make on-board scintillation experiments providing spatial

configuration of irregularity patches. Multistation scintillation measurements were

used to study the localized origin of large scale irregularity patches , their drift

speed, spatial extent , and lifetime in the equatorial ionosphere . The simultaneous

radar and scintillation observations also provided information on the relationship

between the meter- and kilometer-sized irregularities , giving rise to the radar

- 
5 backscatter and VHF-UHF scintillations , respectively.

2. OBSERVATIONS

2.1 Ground Measurements

The 50-MHz radar was operated at Jicamarca (11. 97°S , 76. 86°W) byJ. P.

McClure in collaboration with the staff of the Instituto Geof ~sico del Per~ , and the

radar maps were made available to us. These maps providing range and intensit y

of the backscattered power as a func .ion of t ime were acquired by employing digital

power mapping techniques. A complete description of the radar and the mapping

technique has been outlined by Woodnian and La Hoz. 12 In view of the high aspect

sensitivity of equatorial irregularities and 2 °N magnetic dip location of Jicam arca ,

the radar beam is oriented slightly off-vertical in order to obtain the backscattered

17 . Basu , Sunanda , and Ketiey . M.C. (1977) Review of equatorial scintillation
phenomena in the light of recent developments in the theory and measure-
ment of equatorial irregularities, J .Atmos.Terr ,Phys. ~~:i229- 1242 .

11
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echoes . The geometry of the radar and scintillation measurements is illustrated

In Figure 1. The locations of the ground stations, Jicamarca (JI), Ancon (AN),

and Huancayo (HU ) are indicated in the diagram.

-8•

O5UT
OSIJT

I’,0
-10• mcoN

LES-9 HUANCAVO
d SUBIONOS LES-9

S SJ8IONOS HUANCAYO o’ui
MARIUT

-II. SUBIONOS0ou1

—12 
AN 

HU 
OOUT

00 U1

5 78 77 76 75 74 73 72 71 70 69 68 67
LONGITUDE (‘W)

Figure 1. Geometry of Simultaneous Radar and Scintillation Measurements.
JI, AN, and HU signify ground locations of Jicamarca, Ancon, and Huancayo

S Scintillation measurements were made at Ancon (11.7’S, 77. 15°W) by the use

of 249-MHz transmissions from the geostationary satellite , LES-9. In view of the
I’ finite orbital inclination of LES-9, the intersection of the propagation path from

Ancon to LES-9 with a given ionospheric height did not remain fixed but traced out
a curve with varying time , the locus remaining nearly parallel to a longitude circle.
Figure 1 shows the position of Ancon (AN) ground station , as well as the locus of

the subionospheric point of LES-9 observations on 17 October 1976 , refe r red to a

height of 400 km. The elevation angle of the satellite , as viewed from Ancon . varied
from 44’ to 36’ between 00 UT and 05 UT.

Spaced receiver scintillation measurements were conducted at Ancon by em-
ploying two independent receiving systems with their antennas located on an east-
west baseline of 366 in. Each receiving system was comprised of a high gain an- S

S tenna , low noise converter and R-390 receiver with an over-all bandwidth of 2 kHz
and a post-detection integrating circuit of tim e constant 0. 1 sec. The detected sig-
nal after integration was recorded on strip chart recorders , as well as on FM ana-
log tapes. The strip chart records were analyzed manually to obtain the scintilla-
tion index , SI(dB) at every 2-m m interval. 18 The FM analog tapes were later

18. Whitney. H. E. • Aarons , J .,  and Malik , C. ( 1969 ) A proposed index for
measuring ionospheric scintillatlons , Pla net. Space. Sci. ~~:1069-l 073 . 5

12
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digitized for special investigations , such as the determination of theory-based S4
index of scintillation, 19 the power spectrum of scintillations or the drift speed of
irregularities from a cross-correlation analysis of spaced receiver scintillation
data.

At Huancayo (11. 97’S , 75. 34’W), the scintillation measurements were made
by the use of 249-MHz transmissions from LES-9 as well as Marisat transmissions 

S

at 257 and 1541 MHz. The elevation angle of LES-9, as viewed from Huancayo.
varied from 46’ to 38’ between 00 UT to 05 UT , whereas the elevation angle of
Marisat observations varied between 20.8 ’ and 21. 2’ during the same time interval. 

S

We shall discuss only the 257-MHz scintillation observations from Marisat , as this S

frequency closely corresponds to LES-9 transmissions, From Figure 1, the loca-
tion of the Huancayo (RU ) ground station may be noted as well as the loci of the
subionospheric point s of LES-9 and Marisat observations between 00 UT and 05 UT
on 17 October 1976. The scintillation measurements at Huanc ayo were performed 5

with the two satellites, in order to explore simultaneously the two ionospheric vol-
umes well separated in longitude. During the period of observations , the ATS-6
satellite could also be viewed from Huancayo, while it was drifting westwards to its S

new location. On 29 October 197 6, the propagation path from Huancayo to the
ATS-6 satellite intersected the ionosphere over Jicamarca and scintillation mea-
surements with ATS-6 transmissions at 137 and 360 MHz were made at Fluancayo.
This offered an opportunity to explore quantitatively the relationship between the
radar and scintillation measurem ents, as will be discussed in Section 3.2 . As at
Ancon. all scintillation data were acquired on both strip chart recorders and FM
analog tapes. In addition to the above scintillation measurements with geostationary

5 satellites , the orbiting Wideband satellite was also used to perform 137 -MHz scin-
tillation measurements from Huancayo. The orbiting satellite observations yielded
the spatial configuration of the irregularities.

2.2 Airborne Measurements

Two aircraft were flown by the Air Force Geophysics Laboratory (AFGL ) and
the Air Force Avionics Laboratory (AFAL) in order to perform scintillation mea-
surements with the 249-MHz beacon from LES-9. The aircraft flew between the
ground stations and explored the spatial configuration of irregularity structures
causing scintillations. The AFGL aircraft also carried an ionosonde providing digi-
tal ionograms, and made airglow observations at 6300 A. In this report , we shall,
however, deal with the results of aircraft scintillation measurements on a few
specifi c nights . The LES-9 scintillation measurements made on board the aircraft
explored the frnosp heric locations between approximately 10’S and 13’S over a
longitude interval of 72 °W and 76’W.

19. Briggs , B. H. • and Parkin , I. A. ( 1963) On the variation of radio star and
satellite scintillation with zenit h ang le, J. Atmos. Terr. Phys. ~~ :339-366.

13
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Table I lists the variety of experiments performed during 16-30 October
1976. The maximum latitude and longitude excursions of the 400-km subionosp hertc
points during the period are also indicated.

Table 1. List of Stations and Experiments Performed During 16-30 October 1976

Satellite
Frequency used, where 400-km Ionospheric

S Station Experiment MHz app licable location explored

Jicaznarca Radar 50 - 11. 97’S - 76. 86°W
backscatter

S Ancon Spaced 249 LES-9 11.85’S - 8. 33’S
receiver 73.92°W - 73.62°W
scintillation

Huancayo Scintillation 249 LES-9 12. 07’S - 8.64’S
72.32’W - 72.03°W

Scintillation 257 MAR 11.09’S - 10.76’S
1541 ISAT 67.94’W - 67.69°W

137 WIDEBAND 4°N - 26’S
6l°W - 84°W

AFGL Scintillation 249 LES-9 10’S - 13’S
Aircraft iono sonde 72’W - 76°W

airgiow
AFAL Scintillation 249 LES-9 10’S - 13’S

Aircraft 72°W - 76°W

3. RELATIONSHIP BETWEEN IRREGULARITY PARAMETERS ,
S SCINTILLATION INDEX , AND BACKSCATTERED POWER

3.1 Irregularity Parameters and Scintillation

The irregularities of electron density in the ionosphere impose phase fluctua-
tions on a radio wavefront as it traverses an irregularity layer. Owing to phase 5

mixing, amplitude fluctuations develop as the wave travels towards the ground . l.a
the case of geostationary satellite observations, the satellite and the observer on
ground are fixed relative to each other. However, owing to the superrotation of
the ionosphere, the diffraction pattern on the ground sweeps past a fixed observing
location and gives rise to fluctuations of the received signal power.

For an orbiting satellite, the ray path from the satellite to ground sweeps the
ionospheric height at a speed of several kilometers per second. This speed is one
to two orders of magnitude larger than the drift speed of the irregularities. As
such, the irregularities may be considered to be frozen and the ground diffraction 5
pattern sweeps past the observer owing to the motion of the satellite.

14
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The quantitative measure of amplitude fluctuations is usually given by a scin-

tillation index. The theory-based scintillation index (S4) is defined as the nor-

malized second central moment of the received signal power. 19 For weak ampli-

tude scintillations (S4 ’ 0. 5), a closed form solution providing the relat ionship

between S4 and the irregularity parameters, such as the electron density deviation

and scale size, was initially developed under the assumption of a gaussian irregu-

larity spectrum. 19 Later, the satellite in situ measurement s revealed that the

F-region irregularities have a power law type of spectrum. 8 Considering a power

law irregularity power spectrum with a 3-dimensional spectral index of 4, in con-

formity with the in situ results, Rufenach2° developed a relationship between the

S4 index and the irregularity parameters. Rufenach’s equation introduced the

effect of anisotropy of the irregularities in an ad hoc manner. Recently, Costa

and Kelley21 introduced the anisotropy effect more rigorously in Rufenach’s equa-

tion and obtained the following relationship:

S s~ = 24~~[l- I~ 1(~
_
~~~

)x
~ 

exp ~- 
(~~

2
+lf l  

~ 
( 1)

= ir(r A) 2 
~~(Lsecx) < ( ~~N) 2> (2) 

5

where

10 = modified Bessel function of zero order

= axial ratio of field aligned irregularities
2 2 2 . 2

= C05 4 ’.s-ct sin 1,1’
S 

= angle between the ray and the magnetic field
S 2k~• X

k = outer scale wave number
kf = Fresnel wave number (=

A = radio wavelength
z = mean distance between the observer and the

irregularities
re = classical radius of electron ( 2. 8 A 10~ ~~m)

L = irregularity layer thickness

20. Rufenach, C. L. ( 1975) Ionospheric scintillation by a random phase screen
spectral approach , Radio Sci. 10:155-165.

21. Costa , E. • and Kelley, M, C. ( 1976) Calculations of equatorial scintillations
at VHF and GHz frequencies based on a new model of the disturbed equatorial

5 
ionosphere, Geophys. Res. Lett. :677-689.
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= ionospheric zenith angle of the obliquely incident
radio wavefront

<(A N) 2> = mean square electron density deviation.

Equations ( 1) and (2) provid e the desired relationship between the scintillation

index, S4, and the irregularity parameters in the case of weak scattering (S4 ~ 0. 5).

Both from the point of view of scintillation modeling, as well as theoretical con- S

siderations of irregularity generation, the rms electron density deviation (to be

abbreviated as AN) is important. From a knowledge of S4, the AN parameter is

obtained from Eqs. ( 1) and (2), provided realistic assumptions can be made re-

garding the layer thickness, L, and the outer scale wave number , k .  The factor

L signifies the thickness over which the irregularities may be assumed to be dis-
S tributed undiminished in magnitude. The recent radar backscatter maps indicate

that during nighttime the equatorial F-region irregularities extend from the bottom- S

side F region well into the topside to alt itudes as high as 1000 km. However, the

electron density deviation AN is found to decrease at high altitudes and L is found

to be typically of the order of 200 km for fully developed irregularity structures.

The in situ measurements of Dyson et al8 showed that the outer scale wave number

is less than 0. 6 km ~~. Basu and Bas u7 used the OGO-6 in situ measurements of

AN near Ascension Island and demonstrated that it was possible to model the simul-

taneous scintillation measurements of the COMSAT group at 6 GHz from Ascension

Island if the layer thickness of 200 km and outer scale dimension of 20 km (corres-

ponding to a wave number k0 = 0. 31 km l ) are as sumed. The morphology of

equatorial scintillations developed by Basu et al 9 on the basis of the in situ mea-

surements of AN and the above mentioned values of L and k0 show a marked longi-

r 5~ S 5 tude variation of equatorial scintillations , in agreement with the ground station

observations. These modeling efforts indicating that L = 200 km and k0 = 0. 31 km~~
are justifiable assumptions. It should be mentioned here that the scintillation theories

and modeling have been based on a monotonic power law type of irregularity spec-

trum. The in situ measurement s indicate that although this type of spectrum is

most commonl y observed, instances of the nonmonotonic type with most of the

spectral power concentrated aroun d scale sizes of the orderof 1 km are occasionally

observed. 8

Considering the most commonly observed form of irregularity power spectrum

and assuming k0 = 0. 31 km 1, we may utilize Eqs. (1) and (2) to obtain an estimate

of electron density deviation AN for a given scintillation index. In the weak scatter

li mit of S4 = 0. 5 (corresponding to SI = 10 dB) and for the present geometry i.

LES-9 observations from Huancayo and Ancon, the above equation yields

AN 3 A l010 m 3. Considering a typical value of ambient ionization density (N )

as 6 X loll m 3, one obtains an irregularity amplitude (~ N I N )  of 5 percent. For

stronger scintiliations. Eqs. ( I )  and (2)  are not valid and an iterative method of

16



computation of S4 is required. 22 The foregoing discussion provides a fair idea of S

interpreting the observed scintillation measurements in terms of the irregularity
• parameter A N.

3.2 Irregularity Parameters and Radar Backacatter

Booker 23 developed the basic relationship between the irregularity power spec-

trum and the backscattering coefficient 
~ B defined as the backscattered power per

unit solid angle, per unit incident power density per unit volume as

0B (4z) 2 k4 (~E )4 (~~~)2 P(2k) (3)

where

f~ plasma frequency of the ionized medium

f = frequency of the incident wave
k wave number of the incident wave

mean square irregularity amplitude

P(2k) = power spectral density of irregularity
S 

wave number, 2k.

Booker23 obtained an expression for in the case of axially symmetric field- S

S aligned irregularities described by a gaussian autocorrelation function. In view of
the in situ results, Yeh et al22 assumed an isotropic power law type of irregularity
power spectr~im and derived the value of 

~~~ 
Recently, Woodman and Basu 24

obtained an expression for the more realistic case of backscattered power from

highly field-aligned irregularities having a power law type of irregularity spectrum.
S These authors show that the ratio of the backscattered power from irregularities

to the incoherent scatter power (Pt
) is of the following form:

P 2 8ii 2L 2
F < (A~N ) >  olu iog (4)

.1.

22. Yeh, K C., Llu, C. H., and Youakim , M. Y. (1975) A theoretical study of the
ionospheric scintillation behavior caused by multiple scattering, Radio Sd.
10:97—106.

23. Booker , H. 0. (1956) A theory of scattering by nonisotropic irregularities with
application to radar reflections from the aurora . J. Atmos. Terr. Phys. S

~~204-22 1.
24. Woodnian , R. F., and Basu, Sunanda (1977) Comparison between in situ spectral

measurements of equatorial F -region irregularities and backscatter obser- S

vatlons at 3 m wavelength (abstract ) EOS Trans. AGU ~~ :449.
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where

< (A N) 2 > mean square electron density fluctuations

N = ambient ionization density
L = outer scale size of the irregularity power

spectrum
8 = beam width of the radar antenna (0.7’ for Jicamarca

radar)
= 2 m 1 for 50—MHz radar.

The radar backscatter maps provide the left -hand side of Eq. (4), as discussed in

S Section 4. Thus, from a knowledge of N, L0, k1, and 8 , < ( A N2> may be obtained.

Woodinan and Basu 24 obtained estimates of < ( A N )2> from scintillation measurements

by using Eqs. (1) and (2) and substituted that value in Eq. (4) to obtain the intensity

of the backscattered power. Their results indicate a large discrepancy of four
orders of magnitude between the observed and computed intensity levels. They have

related the discrepancy to the possible existence of a cutoff in the irregularity power

spectrum r,ear the ion gyro-radius which is typically of the order of 3 m at F-region

heights.

4. RESULT S

Ground scintillation measurements were performed on all days covering the
period 16-30 October 1976. The Jicamarca radar was , however , operated on only

seven nights during this period. The simultaneous radar and scintillation observa-

tions made on these seven nights are discussed below in a chronological manner. S

S Nighttime scintillations in the equatorial region are observed between 1900 and 0100
local time. In the present set of illustrations, the radar maps indicate both local

time, referred to the 75°W meridian, and universal time, whereas the scintillation S

data are plotted against universal time only.

4.1 Obeervationa Made on 16-17 October 1976

Figure 2(a) shows the digital power map acquired at Jicamarca by the use of the
50-MHz radar backscatter experiment . The maps exhibit the range of the scatter-

Ing region, as well as the backscattered power as a function of time. The original

digital maps provide the backscattered power relative to the approximate maximum
incoherent scatter level in the range between 6 dB and 48 dE at 6-dB Intervals. As

the original digital maps are difficult to reproduce , they have been redraw n to de-

pict only four ranges of relative power levels. It has been mentioned earlier that

the backacattered power at 50 MHz is caused by Irregularities with scale lengths
of 3 m. As such , these maps give the temporal variation of the 3-rn irregularity

18
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structures over Jicamarca. As noted by Woodm an and La Hoz , 12 the digital power
maps may be viewed as an east-west and vertical scan of the spatial irregularity
configuration under the assumption of a rigid transport of irregularity structures
with an average eastward drift speed of 125 m per Sec .

6 -17 OCTOBER 1976 JICM~AACA ~OMHg RADAR BACK SCATTER
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- 5- Figure 2(a) . The 50-MHz Radar Backscattered Power Map of Nighttime
Irregularities Obtained at Jicamarca on 16-17 October 1976

The radar map shown in Figure 2(a) indicates that on 16-17 October 1976 ,
weak 3-rn irregularities were first observed at 1910 LT at an altitude of 300 m.
During the following half-hour interval, the minimum altitude of the irregularity
layer increased from 300 to 400 km and the layer thickness increased to about 50 km.
If we consider that the observed temporal variation was a result of a rigid trans -

S port of the irregularities at a drift speed of 125 m per sec. this portion of the digi-
• tal map signifies a height variation of the minimum altitude of the irregularity layer .

A 100-km increase in altitude for the bottom edge of the irregularity Layer occurs
over an east-west distance of only 225 km.

After 1945 LT , an extended irregularity structure, commonly referred to as
a plume, Is found to evolve. From a study of the backscattered power levels within
the plume, It is concluded that very intense 3-rn irregularities were present . The
plume structure extended from an altitude of 400 km to 700 kin ; the existence of top- S

side irregularities connected to the bottomside may be noted. The plume structure
ended at 2010 LT and during the following half-hour Int erval , an intense irregularity

19
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layer of about 200 -km thickness at low alt itudes was detected. After 2040 LT,
another plume with a duration smaller than the first plume structure evolved. Be-
tween the entire time interval of 2010 and 2110 LT, there occurred a gradual de-
crease of the minimum altitude of the irregularity region from 400 to 200 km.

Figure 2(b ) illustrates the results of scintillation measurements made at Ancon
by the use of 249-MHz transmissions from the LES-9 satellite. A comparison of
FIgures 2(a) and 2(b ) indicates that the development of 3-rn irregularities over Jica-

5 
marca preceded the onset of scintillations at Ancon, situated to the east of Jicaxn arca.
It is likely that the irregularity structure observed over .Jlcamarca drifted eastwards

S causing scintillatlons at Ancon. As noted in Section 3. 1, intense scintillations at
249 MHz are expected to occur when the irregularity layer thickness is sufficiently
large. As such, the plume structure observed at 1950 LT is to be ident ified with
the onset of strong Ancon scintillatlons at 2050 LT. Considering the foregoing time
interval and the loi )tude separation between Jicamarca and the subionospheric
location (ionospheric height—400 krn ) of LES-9 as viewed from Ancon , one obtains
an eastward drift speed of 95 m per sec. The derived drift speed is in agreement
with the previously published results. 25

so SCINTILLATION AMPLITUDE AND RATE
LES 9. 249.6MHz

S !f 4° ANCON. PERU
1700176

~~ 2O

V
0

30

24

I8

0000 0100 0200 0300 0400 0300 0600
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Figure 2(b). Temporal Variation of 249-MHz Scintillation Index , SI(dB),
and Fading Rat e Recorded on 16-17 October 1976 , at Ancon on the
Propagation Path to LE~ -9

25 . Woodman, R. F. ( 1972) East-west ionospheric drifts at the m agnetic equator ,
Space Research XII, Akademie-Verlag. Berli i , pp 968-974.
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From the top panel of Figure 2(b), it is found that the fading rate is about

6 per minute. From the geometry of observations, the Fresnel zone radius is
about 900 m. With the prevailing drift speed of 95 m per see, the fading rate is
expected to be 6 per mm in the case of weak scattering. The observations indicate
that the fading rat e was 6 per mm even though the scintillation index was as high as
30 dB, corresponding to the multiple scatter regime. In the case of multiple scat-

tering, small scale diffraction patterns are expected to develop. giving rise to
faster fading rates than obtained under weak conditions . 21, 26 The slow fading
rates observed in conjunction with high scintillation levels is an unexpected result.
It may be mentioned that Woodman and La Hoz 12 reported the existence of large
vertical velocities within an irregularity layer. Since the propagation paths for
scintillation measurements were inclined towards the east , the com ponent of ver-
tical velocity of irregu larities perpendicular to the propagation path will be oriented
towards the west. This will reduce the effective eastward drift speed of individual
Irregularities and may give rise to the observed slow fading rates.

Figure 2(c) illustrates the results of scintillation measurements made at Huancayo
with the 249- MHz transmissions from the LES- 9 satellite. The bottom panel of the figure
shows that a weak scintillation structure was initially observed , but after 2115 LT an
intense scintillation structure similar to that obtained at Ancon was detected. The

~ eak initial structure has, however, no counterpart in Ancon data; it is attributed to
a weak irregularity patch developing between Ancon and Huancayo. The major scin-
tillation structure of Huancayo commenced at 2116 LT and was delayed from the onset
of Ancon scintillation by 2 minutes. Thi s is consistent with an eastward drift of the
irregularity patch from Ancon to Huancayo at a speed of 116 m per sec.

S Thus a comparison of the radar map obtained at Jicamarca and scintillation
S 5 observations of Ancon and Huancayo , illustrated in Figures 2 (a) ,  (b) , and (c) , shows

that an irregularity patch evolving either at or to the west of Jicamarca , dri fted
eastwards at an approximat e speed of 100 m per see , causing the successive onsets
of scintillation at Ancon and Huancayo. The duration of scintillation at either station
was about 60 mm which , on the basis of the average drift speed ( lOOm per see), yields
the E-W dimension of the patch as 360 km. The compatibility of radar and scintilla- S

tion measurements on this night indicates that kilometer-sized irregularities

causing scintillations co-existed wit h the 3-rn irregularities giving rise to radar
backscatter. 27 Considering the time interval between the onset of the plume struc- S

ture at Jicarn area and the decay of scintillation at the easternmost location of S

Huancayo , one finds that the total lifetime of the irregularity patch is at
least 2-1/2 hours. S

28. Prokhorov , A .M. , Bunkin , F.V ., Gochilashvll y, K.S. , andShishov , V. 1. (197 5)
Laser irradiance propagation in turbulent medi a, Proc. IEEE ~~~790-8 l l.

27 . Aarons, J . ,  Buchau, J . ,  Basu , Santimay. and McClure , 3. P. (1978) The local-
ized origin of equatorial F-region irregularity patches , J. Geophys. Res .
(to be published) .
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4.2 Observationa Mad e on 18-19 October 1976

The results of simultaneous radar and scintillation measurements obtained on S

this night are shown in Figures 3(a) , (b) , (c) ,  and (d ) .  In orderto retainthe clarity of the S
radar map, it has been reprodu ced in t wo successive diagr am s, Figures 3(a)-i and
3(a)-2 with overlapping time scal:s . Figure 3(a) shows that when the radar started
its operation at 1930 LT , a weak and thin layer of 3 -rn irregularities had already
evolved at an altitude of about 200 km. The radar dat a was , unfortunately, inter-
rupted between 2050 and 2123 , ~ .~~ing it difficult to ascertain the rj ature of irregu-
larity structure during this time ‘ eriod. However, a closer examination of the
bottomside structures seen around 2050 LT and the topside structures prior to S

2130 LT indicates that a plume structure evolved shortly after 2050 LT. The struc-
ture decayed after 2200 LT and patchy irregularities extending over several hundred S

kilometers existed until 2340 LT . In the following discussion , we shall consider
that , on this night , an extended p lume structure occurred o v e r J i c am ar c a a t 2 l 0 O LT.

From the bottom panels of Figures ~(b) and 3(c) we find that both ground sta-
tions , Ancon and Huancayo , observed two scintillation structures , the first structure
having a duration of about 1-112 hour at both stations and the second having a 3 hour 

S

duration at Ancon and 2 hours only at Huancayo. The wide second structure shows
the existence of a large number of substructures. A comparison of Figu res 3(a) ,
3(b), and 3(c) indicates that there is no correspondence between the radar map and S

the first scintillation structure observed at Ancon and Huancayo. Although there is

an initial interruption in the scintillation data acquired at Anc on , there can be no
question regarding the commencement of scint il lations nearl y an hour before the
onset of plum e structures over Jicarnarca . This may si gnify two possibilities:
(1) To assume that an irregularitity structure leveloped between Ancon and Jica- S

marca so that it was not possible for the radar to detect i t :  (2 )  to assume that the S

22
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irregularity patch had most of its spectral power at kilometer wavelengths and
negligible power at 3 -m wavelength. Thus when the irregularity structure made
its transit over Jicamarca , it could not be detected by the radar , but when it drifted S

to the subionospheric locations of scintillation measurements it gave rise to intense
scintillations. The in situ results 8 have shown that in certain exceptional cases,
nighttime equatorial irregularities may have most of the spectral power around
a scale size of 1 km.

16-19 OC TOB ER 976 J I C A M A R C A  50-NH, RADAR BACKSCATTER
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Figure 3(a) -i .  Radar Backscattered Power Map Recorded at Jicamarca Between
1930—22 10 LT on 18-19 October 1976
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Figure 3(a)-2. Backscattered Power Map Between 2 120-004 0 LT on- 18-19
October 1976
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Figure 3(b) . Temporal Variation of 249-MHz Scintillation Index , SU dB) and
Fading Rate Recorded at Ancon by the Use of LES-9 Satellite on 18-19
October 1976
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Figure 3(c) . Temporal Variation of 249-MHz Scintillation
Index , SI(dB ) ax~i Fading Rat e Recorded at Huancayo by the
Use of LES-9 Satellite on 18-19 October 1976
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Figure 3(d) . Temporal Variation of 257-MHz Scintillation
Index , SI(dB) Recorded at Huancayo with Marisat Satellite
on 18-19 October 1976

In view of the Ari con data interruption at the outset, we compare the time in-
terval between the decay of scintillations at Ancon and Huancayo for the first struc-
ture in order to derive the drift speed of the patch. We find that the decay at Huan-
cayo was delayed by about 25 mm . consistent with an eastward drift of the irregu-
larity patch at a speed of 116 ni per second. Combining this drift speed with the
duration of scintillations at Huancayo , one observes that the E-W dimension of the
Irregularity patch is about 700 km . From the top panels of Figures 3(b ) and 3(c),
high fading rates may be noted. The A neon dat a , in particular , indicat e fading rates
as large as 30 per m m .  As mentioned earlier , such high fading rates are expected
under multiple scatter conditions .
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The broad second scintillation structure observed at Ancon commenced gradu-

ally at about 2120 LT. If we consider that the plum e structure observed over Jica-

marca at about 2100 LT drifted eastward causing the sharp increase of Ancon

scintillations at 2140 LT, a drift speed of 140 m per sec is observed. The corres-

ponding part of scintillation structure is foun d to occur at Huancayo after a delay

of 20 m m  from its occurrence over Ancon. This delay is again consistent wit h an

eastward drift speed of about 140 m per sec.
As mentioned earlier , the duration of the second scintillation structure was

shorter at Huancayo , as compared to the duration of the corresponding event at

A ncon. The dept h of Huancayo scintillation was also lower , which may signify the

decay of the irregularit y structure during its transit to Huancayo.

On this night , sci nt illat ion measurements were also made at Huan cayo wit h t he

257-MHz transmissions from Marisat. From Figure 1, it may be noted that the

int ers ect ion of the propagat ion path from Huancayo to Marisat explored the eastern-

most location of the ionosphere for the present set of observations; it was located

350 km to the east of the subionospheric point of LES -9 , as observed from Huancayo .

The temporal variation of Ivlarisat scintillation is shown in Figure 3(d) . The scm - 
S

tillation structures observed with Marisat before 0142 (2042 LT, 75 ’W time) cannot 
S

be identified with any structure observed on LES-9 scintillation data acquired at

Huancayo , or at Ancon. These structures must have developed independently to the

east of the subionospheric location of LES-9 viewed from Huancayo. The remaining S

two scintillation structures observed on Marisat propagation pat h after 0142 UT seem *

to correspond to the two scintillation structures observed earlier on the propagation
S 

paths from LES-9 to Huancayo and Ancon. However , the duration of these two events

is found to be much smaller and scintillation levels are lower on Marisat propaga - S

tion paths , as compared to the corresponding features on LES-9 propagation paths.

It is not possible to conclude definitely whether the irregularity structures observed

on the prop agation paths of LES-9 to Ancon and Huancayo decayed both in strength

and extent during their eastward travel over a distance of about 700 km . or if th~ j
propagation path to Marisat was encountering independent irregularity structures.

The form er is more likely, as the decay of the structures could be noted during 
S

their passage between the subionospheric positions of LES-9 viewed from Ancon

and Huancayo. 5 S~~

4. 3 Observationa Made on 19-20 October 1976

Fi gures 4(a), (b), (c), (d) , and (e) illustrate the results of radar and scintilla-
tion measurements obtained on this night. The radar map shows that at Jicam area

two well-separated plum e str uctures were observed , the first plume being much

wider than the second . The scintillation measurements indicate that Huancayo ,
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situated to the east of Ancon, obser,ed five scintillation structures, whereas Ancon
recorded four scintillation patches.

9-20 OCTOBER 976 J ICA MARCA 50-MHz BACKSCATTER
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Figure 4(a) . Radar Backscattered Power Map Obtained at Jicamarca oa 19-20
October 197 6
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Figure 4(b). Temporal Variation of Scintillation Index and Fading Rat e of S249-MHz Transmissions from LES-9 Recorded at Ancon on 19-20October 1976

27

S 
SSS SS 5 5~~~~~~~ SS SS ~~~~~~~~~~



S 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S ~~~~~~~~~~~~

,I SC I S S -S HUANCA’u LES-9 20 OCT 76

S 
_  _

~: r\~r~A Mfl1~~
S ~:: I / 

‘

~~ j~~ ~~~~
0~I00 0100 0200 0300 0400 0600 0600S UT.

Figure 4(c). Temporal Variation of Scintillation Index
and Fading Rat e of 249-MHz Transmission from LES-9
Recorded at Huancayo on 19-20 October 1976
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Figure 4(d) . Variation of Scintillation Index of
257-MHz Transmissions from Marisat Recorded
at Huancay o on 19-20 October 1976

The first scintillation structure observed at Huancayo wit h LES -9 evolved in
the vicinity of the station and drifted eastwards so that it could not be detected at
either Ancon or Jicaniarca. The second LES-9 scintillation structure observed at
Huancayo has to be identified with the first LES -9 structure observed at Ancon. S

Comparir~ the delay between the onset times at the two stations for these structures,
one notes that an eastward drift speed of the patch is found to be 125 ni per sec.
Similar comput ations for the second and third scintillation structures observed over
Ancon provide eastward drift speeds ranging between 120 and 130 in per sec. The
fourt h scintillation structures observed at Ancon and corresponding (fi fth) struc-
ture at Huancayo are found to commence simultaneously. It seems that the two
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Figure 4(e) . Subionospheric Flight Path of the AFGL Aircraft Making
249-MHz Scintillation Observations with LES-9 on 19-20 October
197 6. Thin and thick lines Indicate respectively the absence or

S presence of scintillations

stations were observing two independent irregularity structures. While there is
good correspondence between the scintillation structures observed with LES -9 at the

S two ground stations, the results of Marisat observations Illustrated in Figure 4(d)
indicate that this propagation path was encountering Independent structures. S

If we now concentrat e on the radar map shown in Figure 4(a) . we find that the
first plum e developed at about 2015 LT. Let us consider that the first scintillation
event observed at Ancon (1945 LT) was generated by an irregularity structure drift-
ing eastwards from Jicamarca. Assuming a drift speed of 120 m per sec and
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extrapolating back in time from the onset of scintillation, we conclude that the radar

should have detected Irregularities at about 1900 LT. The radar map, however ,

does not show the existence of any irregularities at this time. The first plum e

commencing at about 2015 LT , if associated with the sharp increase of Ancon scm-

tillation at about 2055 LT, provides an eastward drift speed of 140 m per see, som e-

what higher than the drift speeds derived from the scintillation structures alone.

The duration of the plume is in general agreement with the duration of the corres-

ponding scintillation structure observed at Ancon. There is no 3-rn irregularity

structure in the radar map corresponding to the third scintillation event of Ancon.
It is important to note that the number of scintillat ion-producing structures greatly
exceed the plum e structures on the radar map. 28

S We present some results of scintillation measurements made on this night by
the aircraft operated by the Air Force Geophysics Laboratory. The aircraft made
the measurements by the use of 249-MHz transmissions from the LES-9 satellite.
Figure 4(e) shows the locus of the subionospheric point as it flew between the ground
stations; the numbers along the track indicate universal time; thin lines signify the
absence of any scintillation, whereas thick lines indicate the presence -of scintilla-
tion. The subionospheric positions of scintillation measurements from Ancon and
Huancayo are also shown in the diagram . The top panel shows that during 2247 UT
(19 October), to 0015 UT (20 October), when the ground stations at Ancon and Huan-
cayo did not record any scintillations. the aircraft failed to detect any irregularities

S in the entire latitude range of 11° S to 13° S and longitude interval of 72’ W to 75° W.
The bottom panel shows that from 0015 UT and onwards , the aircraft detected three
irregularity patches wit h distinct boundaries. Although the subionospheric track of

S aircraft measurements was slightly to the sout h of the subionospheric points of
S ground measurements, the two sets of observations can be correlated since the

irregularity patches are highly field-aligned . at least , at large scale lengths which
cause scintillations. The first patch observed between 0015 and 0025 UT was situated
to the east of Huancayo . The structure observed between 0025 and 0048 UT provide

S the E-W extent of the Irregularity structure, causing the first scintillation activity
observed at Huancayo. The westward termination of the patch was to the east of
Ancon and , therefore, the Ancon ground station did not record any scintillation

S 
from this patch. The patch located between 0048 to 0100 UT caused the first scin-
tillation structure observed at Ancon. This patch subsequently drifted eastwards ,
causing the second scintillation event at Huancayo. It may be of interest to mention
that at about 0050 UT while the aircraft was traveling due west in the vicinity of

28. Basu. Santimay, Aarons , J.. McClure , J. P. , and Calderon , C. (1977) Com-
bined study of nighttime equatorial irregularities by radar backacatter ,
ground-based and airborne scintillation measurements (abstract) , EOS Trans.
AGU 58:450 .
—~~~~~~
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S 
Ancon , the fading rate of scintillations recorded on the aircraft was 30 fades per 

S

m m .  whereas Figure 4(b ) shows that at this time the fading rate of ground station
(Ancon) scintillation measurement was only 15 fades per m m .  The average east-
ward drift speed of the irregularity patch has been shown to be 120 m per Sec and S

owing to the motion of the aircraft , the subionospheric point was drifting westward
S at about the sam e speed , giving rise to an increase in the aircraft scintillation

fading rate by a factor of 2.

4.4 Observationg Mad e on 20-21 October 1976

Figures 5(a)-l and 5(a)-2 show the radar map obtained at Jicamarca. We ob-
serve that on this night the radar could detect only weak bottomside irregularities
in a thin layer. On this night no scintillatlons were observed at either Ancon or
Huancayo with LES-9 or Marisat , signifying the absence of any irregularities over
an E-W distance of about 800 km. As ind icated in Section 3. 1, weak and thin ir-
regularity layers are not expected to cause VHF-UHF scintillations. It may be quite
likely that the radar did not detect any irregularities t hat night but merely regis-
tered partial reflections fro.n steep gradient s of the ionization profile. 29

20-2 1 OCTOBER 1976 J I C A M A R C A  50MHz RADAR BACK SCATTER
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S Figure 5(a) - i .  Backscattered Power Map Obtained at Jicamarca Between
19 10-2220 LT on 20-2 1 October 1976

29. Balsley, B. B . ,  and Farley, D.T. ( 1975) Partial reflections: A source of weak
VHF equatorial spread-F echoes , J. Geophy~s. Res. a~:4735 ~~~~~~~~~
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20-2 1 OCTOBER 1976 J ICAMARC A 50MHz RADAR BACKSCATTER
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Figure 5( a) -2 .  Backscattered Power Map Between 2050-2320 LT on
20-21 October 1976

4.5 Observations Made on 21-22 Octo ber 1976

Also on this night , the radar could detect onl y weak botton-iside irregularities
S as shown in Figures 6(a) -i and 6(a) -2.  Figure 6(b ) shows that at Ancon , except fo r

a few brief periods of 3-6 dB scintillation , no signifi -ant scintillation event was
observed during the night. Figures 6(c) and 6(d) . however, show that Huancayo

~~ registered moderate scintillation activity on bot h propaga tion paths to LES -9 and
Marisat . The irregularity ed ge causing the onset of scintillations on the LES -9
path may have traveled eastwards at a speed of about 85 rn per sec to cause the

S 
onset of scintillations on the propagation pat h to l~larisat.  The measurements thus

S indicate that moderatel y strong irregularities evolved onl y to the east of Ancon ,
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21-22 OCTOBER 976 JICAMARCA 50MHz RADAR BACKSCATTER

$00

500
I I — 5 Od U~~~~~

S 
___ 4-II48~~~J

,- 300 ii

200 -

IOO~-
I I I I I I I I I I I I I I I _J

2000 2100 2200 ~T
0100 0200 0300 UT

Figure 6(a)-I . Backscattered Power Map Obtained at Jicamarca Between S
1940-2240 LT on 21-22 October 1976
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Figure 6(a)-2 . Backscattered Power Map Between 2050-2350 LT on
2 1-22 October 1976
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from LES-9 Recorded at Ancon on 21-22 October 1976
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Figure 6(c). Scintillation Index and Fading Rate of
249-MHz LES -9 Transmissions Recorded at Huancayo
on 21-22 October 1976
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Figure 6(d) . Scintillation Index of Marisat
Transmissions at 257 MHz Recorded at Huancayo
on 21-22 October 1976
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46 Observations Made on 24-25 October 1976

The radar map of 3 -m irregularities obtained on this night is illustrated in
three successive Figures 7(a)-i , 7(a)-2 , and 7(a)-3 with overlapping time scales.
The conspicuous feature of the map is the development of a rather thick and strong
irregularity layer after local midnight, whereas during the premidnight hours
mostly weak irregularities were observed. The Ancon scintillation observations
shown in Figure 7(b) were interrupted after 0315 UT, making it difficult to compare
the radar map. At Huancayo, however , scintillation measurements with LES-9
were not interrupted and two distinct events were recorded. Both structures were
observed prior to the local midnight and possibly correspond to the two partial
structures recorded at .Ancon . Corresponding to these scintillation events, no con-
spicuous feature on the radar map is discernible. On the other hand , the postmid-
night 3-rn irregularity structure observed by the radar does not have any corres - S

ponding scintillation event at Huancayo. Unfortunately, the Ancon data were inter-
rupted during this period , and it is not clear if this irregularity structure decayed
during its transit to Huancayo at a distance of 500 km to the east.
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24-25 OCTOBER 1976 JICA MA RCA 50MHz RADAR eACKSCATTER
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Figure 7(a)-i . Backscattered Power Map Obtained at Jicamarca Between 2040-0010 UT
on 24-25 October 1976
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Figure 7(a)-2. Backseattered Power Map Between 2220-0220 LT on
24-25 October 1976
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Figure 7(a) -3 . Backscattered Power Map Between 0030-0400 LT on
24-25 October 1976
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Figure 7(b ) . Scintillation Index and Fading Rate of 249-MHz Transmissions
from LES -9 Recorded at Ancon on 24-25 October 1976
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Figure 7(c) . Scintillation Index and Fading Rate of
249-MHz Transmissions from LES—9 Recorded at
Huancayo on 24-25 October 1976

4.7 Observations Mad e on 29-30 October 1976

Figure 8(a)-i , 8(a )—2 , and 8(a)-3 illustrate the radar backscatter map for this S

night. A thin irregularity structure was observed from the start of radar operation
at 1930 LT to about 2010 LT when topside irregularities were also detected. These S

topside irregularities are found to be linked to the thick bottomside irregularity
layer observed later between 2050 and 2115 LT. The temporal variation of the ir-
regularity location observed over Jicamarca during this period of time is consistent
with an eastward tilt of the irregularity structure with increasing altitude. This is
the only case during the October cam paIgn when an eastward tilt of the irregularity
structure was observed. From 2115 to 2200 LT , the presence of an intense and
thick irregularity layer may be noted. Later , only patches of isolated irregularities
distributed in the alt itude range of 200 and 600 km were detected. From a study of S

scintillation results shown in Figures 8(b) and 8(c) , it is found that the two scintilla- S

tiori structures detected at Ancon have their delayed counterparts in Huancayo
measurements. The observed delays are consistent with an eastward drift speed of
these patches at a speed of about 100 ni per sec. S
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Figure 8(a)-i. Backscattered Power Map Obtained at Jicarnarca Between
1930-2240 LT on 29-30 October 1976
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Figure 8(c). Scintillation Index and Fading Rate of S

249-MHz Transmissions from LES-9 Recorded at
Huancayo on 29-30 October 1976

However , the first scintillation structure at Ancon cannot be associated with
any feature on the radar map; it has to be viewed as an independent irregularity
structure originating in the vicinity of the Ancon propagation path and subsequently
drifting eastwards to cause the onset of Huancayo scintillation. The other alterna-
tive is to consider that the patch had most of its spectral power at kilometer wave-
lengths and hence could not be detected by the radar. The ~ -set of the second S

scintillation structure at Ancon was nearly simultaneous with the developm ent of a
plume over Jicamarca. In other words, the onset of the second scintillation struc- 

S

ture at Ancon cannot be considered to have resulted from an eastward drift of the
plume structure over Jicamarca. It seems that Ancon observed two independent ir-
regularity patches which drifted eastwards , causing scintillations at Huancayo, and
that the irregularity structure observed at Jicamarca decayed during its transit to
Ancon at an ionospheric distance of 350 km to the east of Jicarnarca.

it should be mentioned that on this night , scintillation measurements with the
137- and 360-MHz transmissions from ATS-6 satellite were also conducted at S

Huancayo. This experiment was conducted because on this night the propagation
pat h from Huancayo to ATS-6 was situated virtually over Jicamarca. Thus the
simultaneous radar and scintillation measurements offered an opportunity to examine
the relationship between the 3-rn and kilometer-sized irregularities over a common
ionospheric volum e. This has been discussed in Section 3. 2.

Figure 8(d) shows the results of ATS-6 scintillation measurements; for ease of
comparison, the 50-MHz radar backscatter map is reproduced on the top panel. It

S may be noted that a single scintillation structure at both frequencies (137 and

41
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360 MHz ) was obtained , which agreed very well with the 3-rn irregularity structure.

It is found that when relatively moderate 3-rn irregularities were distributed over a
thin layer, weak scintillations were obtained but rather intense 137 -MHz scintillation S

resulted when the irregularity layer was thick , providing a higher value of integrated
electron density deviation. It is interesting to note that a single scintillation struc - S

ture was obtained on the ATS-6 propagation pat h in contrast to double structures on

the propagation paths from Ancon and Huancayo to LES-9. It seems that the first

scintillation structure observed at both stations correspond to an irregularity struc-

ture that evolved to the east of Jicarnarca. As a result , there was no correspond-
ing radar backscatter or ATS-6 scintillations. S
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Figure 8(d). Comparison of Backscattered Power Map and ATS-6
Scintillation Data Corresponding to a Common Ionospheric Volume
Obtained on 29-30 October 1976
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FIgure 9 provides a summary diagram of radar and scintillation measurements

performed during the October period. Based on the observational statistics, it

may be concluded that the number of scintillation structures was much larger than

the number of plume structures in the radar. The preponderance of kilometer-sized
S irregularities causing scintillations. possibly indicates that the turbulent energy

does not always cascade down to metez- wavelengths. 28 Table 2 provides a summary

of patch sizes and drift velocities observed from multistatlon scintillation observa-

tions.
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October 1976
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Table 2. Drift Velocities and East -West Dimensions of
Irregular ity Patches

Eastwara
Date drift speed Patch dimension

(October 1976) (m/sec) (km )

16—17 100 360
95

18—19 116 700
140 1550

(multiple?)
19—20 125 300

330
500
575

21-2 2 85 180
280

24— 25 116 380
410

29-30 100 360
450

4.8 Wideband Satellite Observatione

As mentioned before, the 137-MHz transmissions from the orbiting Wideband

satellite were received at Huancayo durin g the October campaign to obtain inform a-
tion on the latitude extent of equatorial irregularities. Figure 10 shows the sub-
ionospheric tracks of a number of tran sits that were recorded. The location of

S Jicamarca radar Station (JI) and sublonospheric point s of LES-9 observations from
S Ancon (AN) and Huancayo (RU) are also indicated In the diagram. The width of the

S tracks signif y the level of scintillation, the maximum width corresponding to about
20-dB fluctuations. Each track has been labeled by the date and the universal time
of the transit . The dip equator has also been indicated on the geographic latitude-
longitude grid. From this diagram , it is found that the latitudinal extent of the
patches may vary over a wide range from as low as 4° to as large as 20° . It is of
interest to note that some of the irregularity patches are located only on one side of
the dip equator. In view of the fact that the large scale sized irregularities causing
scintillations should be mapped along field lines , such asymmetric configurations
are not expected. It seems that the limited latitude extent of the irregularity patches S

and their asymmetric configuration with respect to the dip equator is not real but

caused by the finite Inclination of the Wideband satellite orbit with the magnetic

field. Owing to the above orbital constraint and limited E-W dimension of the ir-
regularity patch discussed in Sections 4. 1 to 4. 7 , it is possible for the propagation
path to enter the eastern edge of an irregularity patch and emerge from the western
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edge during the passage of the satellite over Huancayo. Careful field mapping of
irregularities is current ly in progress by utilizing simultaneous scintillation, radar ,
and Wideband satellite data obtained during the equatorial campaign in March 1977 .
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Figure 10. Subionospheric Tracks of Wideband Satellite Transits
5 Recorded at Huancayo During October 1976. Trace thickness

S 
indicates the depth of scintillation, maximum thickness corresponding

S to 20-dB scintillation at 137 MHz. Each track labeled to indicate
the date of transit and universal time

5. DISCUSSION

The radar backs catter and scintillation measurements performed near the mag-
netic equator allowed us to explore a few specific ionospheric locations over an
E-W dimension of about 900 km . and thereby obtain information on the large scale
features of equatorial irregularity patches.

We find that on certain nights , as on 16- 17 October 1976 , a single irregu-
larity patch may evolve at a particular location and then drift eastwards for a
period dictated by its lifetime. On som e other nights , a series of irregularity
patches wit h a large scale quasi-periodicity is observed. A good example of
such a configuration was obtained on 19-20 October. Yet, some nights
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(20-21 October , 21-22 October) are conspicuous by the absence of any ir-
regularities over the entire 900-km distance explored by the present set of observa-
tions. Although the irregularity patches occur after local sunset, these are found
to evolve first, either in the west or in the east, signif ying that local conditions
rather than local time dictate the generation of the irregularities. From a theore-
tical standpoint , the local condition is probably related to a sharp vertical density
gradient, allowing a Rayleigh-Taylor type of instability to operate. 15 The seeding

S for the instability may be provided by a spatial resonance mechanism in traveling
ionospheric disturbances induced by acoustic gravity waves. 30 The present set of
observations indicate that suitable initial conditions exist either over a very local-
ized region of the ionosphere, or at a few discrete locations with a spatial periodi-
city of about 300 and 450 km. The day-to-day variability of scintillations is natur-
ally linked to the development of conditions appropriat e for the operation of a
suitable instability mechanism.

The large scale irregularity patches are found to drift eastwards consistently
between 1900 and 2400 LT with a speed ranging between 90 and 140 m per sec. Com-

bining the temporal variation of scintillation with the drift speed, one observes that
S the E-W dimensions of the patches range typically between 200 and 400 km , alth ough 5

dimensions as large as 700 km are obtained in exceptional cases. These results
S are summarized in Table 2. The lifetime of the large scale irregularity patches

is found to vary between 2 and 3 hours. On many occasions, the irregularity
patches. detected by the radar at Jicamarca , occupy ing the westernmost location ,
decayed during their transit to the subionospheric location at Marisat at a distance
of 900 km. For an average eastward drift speed of 100 m per sec. and an ionos-
pheric distance of 900 km, approximate lifetimes of 3 hours can be attributed to

large - scale irregularity patches.
5 Scintillation measurements with the orbiting Wideba nd satellite indicated the

presence of irregularity patches extending over a latitude interval as large as 20° .
Such large latitudinal extents are not surprising as large scale sized irregu-
larities causing scintillations are expected to be highly field aligned. In Figure 10,
we have illustrated that , on occasions, ir regularity patches are located only on one
side of the dip equator; those patches may have extents as srr. 1 as 4° . It should
be mentioned that the Wideband satellite orbit is inclined to the earth’s magnetic
field even though at a small angle. For such an orbit orientation and for irregu-
larity patches with limited E-W extent , it is possible for the propagation path to

S enter the eastern edge and emerge fr~~n the western edge , giving the impression
of patches having asymmetric locatLon and limited N-S extent.

30. Beer , T. ( 1974) On the dynamics of equatorial spread-F . Australian J. Phys. S
~1,:39l-40O.
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The simultaneous radar and scintillat ion measurements can, in principle,
provide information on the relationship between kilometer-sized irregularities
causing scintillations and meter-sized irregularities, giving rise to radar back-
scatter. It should be mentioned that the two measurements were not conducted
over a common ionospheric volume. Yet with the spatial separations involved in
the experiment, we were able to show that the irregularity patches which produced
radar backscatter drifted eastward , causing scintillations subsequently at several
ionospheric locations in the east. This showed that when 3-rn irregularities are
detected kilometer-sized irregularities are necessarily present, as is expected
from theory. A study of Figure 9, indicates that we were able to detect twice as
many scintillation structures as the number of plumes in radar maps. The S

statistical preponderance of kilometer-sized irregularity patches possibly signify
S that the turbulent energy does not always cascade down to meter scale size.

Based on in situ irregularity and ground scintillation measurements at VHF
and S-band, Basu and Basu 7 showed that the 3-dimensional irregularity power
spectrum in the nighttime equatorial F-region follows the power-law variation
established by Dyson et al. 8 The recent results of Woodman and Basu4 indicate
that the above form of irregularity spectrum probably does not extend to 3-rn scale
length where the effects of a finite ion-gyro-radius may cause a sharper rolloff of
the power spectrum.

The present radar and scintillation studies provided a great deal of information
S 

- 
on large scale features of equatorial irregularities such as their localized genera-
tion, drift speeds, patch dimensions, and day-to-day variability. It has also raised
many fundamental questions regarding the nature of instability mechanisms respon-
sible for the generation of equatorial irregularities and the form of power Spectrum.

S The relationship between large and small sized irregularities could be investigated
in a rather qualitative manner , indicating a preponderance of irregularity patches
containing only the large scale irregularities. 28 A quantitative study of the rela-
tionship can be made by making observations over a common ionospheric volume. 5

In the March 1977 campaign, scintillation and radar measurements could be con-
ducted over a common ionospheric volume for an extended period. This later
campaign is expected to provide answers to some of the problems discussed here. 5
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