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previously described, including: 'I) evidence for a geometricel scintilla-
tion enhancement due to east-west sheet-like irregularity structures in the
auroral zone; (2) spaced-receiver measurements of the diffraction pattern
anisotropy and apparent drift motion; (3) tetal electron content measure-
ments of the poleward boundary of the ionospheric trough; (4) characteris-
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that develop during extremely active periods; and (5) results from theequatorial sc.Anill.ation campaign conducted in P.ru dtaring March 1977.--

Using the I, Aeband data base with Lheoretical work and systems
analysis, it uI_,mately shouldh'e possible to develop a self-consistent
model relating a simple parameterization of the irregularity structure
and strength to the observed phase and amplitude scintillations. e-
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PREFACE

The success of an extensive field experiment, such as Wideband,
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the contributions of the engineers and programmers: R. Long, R. Winkelman,

G. Durfey, J. Moore; the contributions of the site personnel: C. Code,

R. Evans, H. Jacobs, D. Lee, R. March, S. Matthews, R. Panton, L. Porath,

G. Roach, R. Schledewitz, and J. Sheldon; the Instituto Geofisico del

Peru, who operate the Ancon station; B. Cotts, who has processed the

data and maintained our data library; and the clerical support of
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I REPMRT SUhMARY AND CONCLUSIONS

This report summarizes the results obtained during the first year

of data analysis and operations after the launch of the Wideband satel-

lite (P76-5) on May 22, 1976.

The unique capability of the WidetAnd satellite to mersure phase

scintillation as well as amplitude scintillation at a number of widely

spaced frequencics has led to a numbet of significant results pertain-

ing to both the scintillation phenomenology and the physics of striation

fornmation. A brief summary of these results is given below:

(1) General Results

Ionospheric radio-wave scinLillation is dominated by
large but slowly varying phase scintillation that can
be prominent even when there is essentially no associ-
ated amplitude scintillation. Thus, 3ignificant phase
scintillation can be and often is present under con-
ditions of very weak fading, however, such events seem
to be confined to the auroral zone.

* The phase scintillation directly reflects the electron
density irregularity structure integrated along the
propagation path to scale sizes at least as small es
I km at VHF. (For smaller scale sizes, diffraction
effects must be taken into account.) For the scale
sizes that are essentially unaffected by diffracticn,
the phase scintillation varies linearly with wave-
length whet, corrected for the finite S-band reference
frequency.

* The power spectral density of the phase scintillation
has the power-law form, Tfp, from the high-frequency
point where the phise-scintillarion power falls below
the noise level to the lowest frequencies that are
unaffected by the detrending operation (f ;? 0.1 Hz).
Spectral index values have been observed in the range
-4 < p < -2, with the most commonly observed values
lying between -3 and -2.5. The variations reflect
genuine changes in irregularity structure that pos-
sibly result from differing physical mechanisms.

7 [



(2) Auroral Zone Results

* The auroral zone scintillation is characterized by very
large phase excursions. Phase excursions in excess of
I rad over periods of less than 10 a are often observed
at L-band. Saturated VHF scintillation (S 4 -1) generally
accompanies propagation through active aurorally dis-
tributed regions. The spectral index, p, for the auroral
phase scintillation is highly variable, with p < -4

occasionally observed.

* Prominent isolated scintillation enhancements are present
in -80%o of the nighttime passes taken at Poker Flat.
When these events are observed poleward of the TEC
boundary, they can be completely explained as a geo-
metrical enhancement due to field-aligned, sheet-like
structures oriented in the east-west direction. When
the enhancements occur at the TEC (total electron con-
tent) boundary, they cannot be explaincd as a geometrial
effect occurring on an undeviated ray path.

* Weak phase scintillations are typically present in the
region of the high-latitude plasma trough. However,
local scintillation enhancements have been observed
for these cases only when the propagation path comes
within 10' of the magnetic zenith. Thus, in the plasma
Lrough, the irregularities are evidently rod-like with
no significant east-west elongation.

0 Direct anisotropy measurements using the spaced-receiver
system show an east-west elongation of the field structure
associated with the aforementioned scintillation enhance-

ments. A sheet model with a 10:10:1 elongation can ex-
plain both the elongation and orientation of the diffrac-
tion pattern as well as the very large pattern velocity
shears that are measured.

0 The high-latitude nighttime TEC data show a steep increase
that is identified as the poleward boundary of the high-
latitude plasma trough. During undisturbed passes the
boundary is colocated with the equatorward edge of the
diffuse aurora as identified in simultanecus Chatanika

radar data. The boundAry location also shows a simple
dependence on loca-l magnetivity activity as indicated
by College, Alaska, magnetometer data.

(3) Equatorial Results

* The equatorial scintillation data show a pronounced
seasonal dependence with activity peaks occurri
during the local summer months. During the dikcurbed
periods, there is evidence of anticorrelation with
global magnetic activity.

8



For a given level of amplitude scintillation at the
equatorial stations, there is substantially less asso-
ciated phase scintillation when compared to auroral
zone data showing the same le-,el of amplitude scin-
tillation. This can be explained if the eqliatorial
irregularities develop at higher attitudes than the
auroral irregularities, which is very likely to be

• he case. Nonetheless, there is evidence of a syste-
matic flattening of the spectra neac the equator,
which also acts to produce more amplitude scintillation
for a given level of phase scintillation.

During active periods, extremely intense scintillations
often develop that persist into the gigahertz frequency

range. In most of these events there is a definite
flattening of the phase spectrum with increasing per-
turbation intensity. Indeed, spectral index values of
p > -2 are observed in most of these events. Moreover,
the intensity scinti'lation shows a significant decor-
relation across the 1IiF comb of frequencies that
occupies "-70 Mfflz.

Because of the broad interest in the experiment, both inside anti

outside the DNA community, detailed Bimonthly Progress Reports Numbers I

through b have been made available to essentially all interested parties.

Thus in this report we 3hall not reproduce in deLdil Lhe material con-

tained in those bimonthly progress rcports (here after BPR). We will,

however, describe in some detail those aspects of the project not pre-

viously reported.

The experiment has been quite successful. The first year's effort,

however, necessarily included the development of a substantial amount

of routine data redu J;ion software and hardware. The data reduction

procedures are reviewed in Section IT, together with experimental find-

ings that have chaped the fonr our routine data reduction operations

have taken.

The experiment operations for the first year are surmnarized in

Section III. Well over 700 pasqtes have been detrended and summarized

for detailed analysis. Thus we have acquired a varied and unique col-

lection of high-latitude and equatorial ionospheric amplitude and phase

scintillation data from which both the detailed structure of the scin-

tillation and the conditions under which it occurs can be studied.

9
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In Section IV we present a detailed summary of recent analyses f

the auroral zone scintillation data that have not appear in the BPRs.

We present evidence of a geometrical scintillation enhancement due to

east-west sheet-like irregularity structures. Direct pattern anisotropy

measurements made by using the spaced rec-'vers further support the sheet

hypothesis, We also present preliminary results of a study of the pole-

ward boundary of the high-latitude trough as inferred from TEC data.

In Section V we summarize the characteristics of the equatorial

scintillations that have been observed at both Ancon and Kwajalein,

particularly the gigahertz scintillation that develops during very

active periods. We also present sene preliminary results from the

equatorial scintillation campaign conducted in Peru during March 1977.

A considerable amount of work remains to verify and fully develop the

ramifications of these preliminary results. The important subject of

the detailed relationship, between the structure of the amplitude and

phase sci.ntillation and the irregularity structure has not been addressed

in this report, although the subject is currently under acti ve study by

a number of researchers who are currently using or intend ti use Wideband

satellite data.

10
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II OVERVIEW OF FIRST YEAR'S DATA ANALYSIS

The Wideband satellite operations conducted over the past 12 months

have provided a large and varied data base of measured radiowave pertur-

bations induced by propagation through regions of structured (striated)

ionospheric plasma. The satellite (P76-5), which is in a high-inclination,

sun-synchronous orbit, continuously transmits ten (VHF to S-band) phase-

coherent CV signals. At the receiving stations (now Poker Flat, Alaska;

Ancon, Peru; and Kwajalein Atoll in the Marshall Islands), the S-band

signal is used as a phase reference to synchronously detect all the

lower frequencies.

Synchronous detection automatically removes t'Ce geometrical Doppler

due to physical path changes. Thus, as long as the S-band signal is

not severely disturbed, the detected complex signal structure reflects

the combined effects of gross propagation-path changes (dispersive phase)

and small-scale ionospheric irregularities (amplitude and phase scintil-

lation). To analyze the scintillation data it is necessary to first

remove the slow trends.

The "detrending" procedure that was developed for this purpose is

described in BPRs 1 and 2. A digital recursive filter with a sharp

cutoff at 0.1 Hz is used to separately detrend the phase and amplitude

data that are first decimated to 100 Hz. Thus, amplitude and phase

variation., with periods greater than 10 s are processed as trends and

the fast!r variations as scintillations. It has been found that with

few exceptions (see Section V-A) the intensity data show no significant

refractive variations with periods greater than 10 s. This was the

primary reason for selecting the 0.1-Hz cutoff. For the phase data

there is no clear demarcation between trends and random perturbations.

The slow phase trends are processed to extract the ionospheric

total electron content. The procedure is described in detail in BPR 5.

11g



The TEC data provide a considerable amount of information about the

structure of the background ionosphere in which the irregularities

develop.

The main objectives of the experiment, however, are to determine

the detailed structure of signal perturbations and the physical processes

that give rise to their occurrence, particularly very intense amplitude

scintillation. It is well known that amplitude scintillation (fading)

can seriously degrade the performance of satellite communication links.

More recently, however, it has become clear that naturally occurring

phase scintillation can impair the performance of satellite surveillance

systems that use synthetic aperture processing to achieve high range

resolution.

Indeed, one of the principal findings of the current Wideband satel-

lite experiment, as well as the Navy Navigation Satellite and ATS-6

observations that preceeded it, is that naturally occurring phase

scintillation is generally at least an order of magnitude larger than

was expected on the basis of the conventional weak, single-scatter

analysis of intensity scintillation data.

An example of the very large phase scintillation that can occur is

shown in Figure 1, which is taken from BPR 2. The data are from a dis-

turbed hi.gh-latitude pass, The VHF intensity scintillation is saturated

(S4 = 1) between 1220 and 1221 UT. The VHF phase scintillations exceed

2-q radians over most of the pass. The UHF phase scintillations exceed
21x radians during the period of saturated 'Hj intensity scintillation.

Moreover, the L-band scintillation exceeds 1 rad during the same period,

even though there is no detectable L-band intensity scintillation.

In the absence of the phase data, one would likely invoke the weak

single-scatter theory to explain the UHF data because of the small ampli-

tude scintillation levels that are involved. Such an analysis would

typically entail postulating an -,ms electron-density variation less

than 10% of the average background electron density and an outer scale

size comparable to the UHF Fresnel radius (4 1 km). This approach,

however, invarl-.bly grossly underestimates the actual phase-scintillation

level.

12
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To reconcile this discrepancy, a multiplicative two-component model

has been developed. The single-scatter theory properly accounts only

for the small but rapid scintillations that arise from diffractive

scattering. The large but slowly varying phase scintillation and an

assc:iated weak amplitude variation occurs because of refractive focus-

ing and defocusing. It is introduced into the model by postulating a

second multiplicative component. This model is discussed briefly in

BPR 3 and in more detail in Fremouw et al. (1976).*

The two-component model is very useful for characterizing the joint

first-order statistics of amplitude and phase. However, a completely

satisfactory theory must account for the structure of the scintillation

without introducing imprecisely defined scale parameters. Indeed, in

the power-law environment that characterizes ionospheric irregularities,

there is a continuum of scale sizes with no well-defined outer-sc&le

cutoff. Thus quantities, such as rms phase or rms electron density,

cannot be uniquely determined. Our measured values of rms phase, for

example, depend on the detrender cutoff.

To deal with this ambiguity, we have characterized the phase scin-

tillation spectra in terms of a spectral strength parameter, T, and the

usual power-law spectral index, p, so that cP0(f) = Tfp. Both parameters

are obtained by performing a least-squares fit over the portion of the

phase spectrum that is unaffected by noise at the high-frequency end

and the detrending filter 3t the low-frequency end. Hence, the measured

values of T and p are not influenced by the detrend period or, generally,

the noise level.

The T and p parameters have been accumulated for all active passes

taken during the 12-month period covered by this contract. A systematic

study has just begun, but it is clear that p admits meaningful values

from > -2 to < -4. At high latitudes p shows the most variability.

Values between -2.5 and -3 are most commonly observed with steeper slopes

(p • -4) generally persisting only for brief periods. At the equatorial

References are listed at the end of this report.
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stations there is evidence of a systematic flattening of the phase

spectrtum to values of p algebraically greater than -2 during Jery

intense scintillation events (see Section V-A).
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III OVERVIEW OF FIRST YEAR'S OPERATIONS

The satellite and its payload have functioned nearly perfectly

throughout the entire year. Moreover, few receiver problems have

been encountered. The major problems have been with the antenna

systems, the various digital components, a-nd the computer peripherals.

Specific problems have been documented in the bimonthly progress reports.

The most serious data loss occurred during November 1976 when the Ancon

antenna system failed.

To review the year's activity, we have plotted the number of passes

per month at each site in Figure 2. The large number of passes taken

during June reflects thie fact that exctra engineering and scientific

personnel were at Ancon and Poker Flat for the initial operations. The

increased activity during November at Poker Flat was in support of a

DNA rocket campaign. Preliminary results from the rocket campaign are

presented in BPR 4.

An "equatorial scintillation campaign" was conducted in Peru during

March 1977. M. D. Cousins assisted the Peruvian operators and provided

scientific support for the operation. A synopsis of the campaign is

contained in BPR 6. More recent results are discussed in Section V.

The number of detrends performed per month for each site is sum-

marized in Figure 3. The first version of the detrender program that

was used through the end of 1976 was not fast enough to allow routine

detrending and printer display operations to be efficiently carried out

at the field sites. Hence, the number of detrends consistently lagged

behind the total number of passes.

To alleviate thia problem, writable control store memories were

added to the data acquisition systems at e.ch of the sites and programmed

to perform the digital recursive-filtering operations. This greatly

speeded up the routine detrending operations so that the major portion

16
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"of the data reduction (less the printer displays) could be performed

between passes, that is inside of an hour's time.

The discrepancy between the total number of passes and the number
of detrends is partly accounted for by engineering passes that were

used for system checks. In the maiu, however, the discrepancy repre-

sents passes that were recorded with excessive parity errors. Many of

these passes can be recovered although the procedure is costly. The

nonrecoverable passes (-.5%) typically develop through time periods

when problems were being identified and diagnosed.

A scheme for categorizing the passes by activity level was developed

(see BPR 3). Six uctivity levels from extremely quiet to very active

have been used. The percentage of passes at each station in each cate-

gory as of 23 May 1977 is shown in Figure 4. It is noteworthy that

moderately active passes are ntost probable at Poker Flat, whereas very

quiet passas are most probable at the equator stations. However, only

the equator stations show both extremely quiet and extremely active

The strong seasonal dependence at the equator stations accounts

for the difference in the activity distributicn between the auroral

and equatorial stations. The equator stations appear to have a scintil-

lation activity peak in the local summer. Thus, Ancon shows increasing

activity through December whereas Kwajalein shows increasing activity

beginning in late April.

Since data taking at Kwajalein began in October 1976, a quiet

period, we have not observed as many very active passes as were observed

at Ancon. rresumably this wil L equalize through this sunmmer's operation

when the activity at Kwajalein increases.

1Nearly all of the detrended passes taken through May 1977 have been

processed using the summary program described in BPR 4. The summary

program generates the propagation angles at E- and F-region heights, a

summary of the first-order signal momencs, and parameters that charac-

terize the VHF and UHF phase and intensity speztra. In additicn, the

amplitude and phase trends are preserved at a l-Hz rate. These data
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are currently being used LC study in more detail the morphology and

structure of the scintillation data that have been accumulated through

this past year.
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IV AURORAL ZONE SC INT ILLAT ION

A. Evidence for a Geometrical Enhancement

In BPR 6 a prominent auroral zone scintillation feature was described.

Indeed, it has been noted since the November rocket campaign that a narrow

burst of enhanced phase and amplitude scintillation occurs very near the

F.region line-of-sight intersection at L - 5.5. It was originally thought

that the enhancement was a genuine source variation because it occurred

over such a wide range of longitudes. More recently, however, we have

postulated a model in which the irregularities have a sheet-like anisot-

ropy that can explain this phenomenon as a purely geometrical enhancement.

Specifically, we have investigated a model in which the irregularities

have a high degree of coherence both along the magnetic field and trans-

verse to the magnetic field in the east-west direction. The theoretical

background for this study is developed in Rino and Fremouw (1977). Here

we shall only review the principal results, which also provide the basis

for the interferometer analysis presented in Part B of this section.

The analysis is considerably simplified if we treat only phase scintil-

lation in the linear-ray-optics approximation, i.e., we ignore diffraction

effects.

The justification for this simplification is the fact that the phase

scintillation, w'hen corrected for the finite reference frequency, follows

a linear wavelength dependence under all but the most disturbed conditions.

An example is shown in Figure 5, which is a disturbed evening pass taken

at moderately low elevation angles. The data are plotted against Universal

rime with the angle betw-en the propagation vector, the rms phase scin-

tillation, the magnetic field direction (the Briggs-Parkin angle) at

350 kan, together with the dip angle, also given. The phase-scintillation

ratios in the middle frame are straight lines if the phase-scintillation

index, G,, fcllows a linear wavelength dependence when corrected for the

finite reference freauency. We see that only the VHF phase scintillation
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shows any significant departure, and then only when S is near unity.
4

(The variation at the end of the pnss is due to ground multipath.)

To irvestigate the diffraction effects on phase scintillation in

more detail, we have compared a segment of the phase-scinrillatiGn data

for the highcst UTHF channel (UU3), the lowest UHF channel (UL3), aad the

VHF channel. In Figure 6, we show the VHF phase scintillation. In

Figur'e 7(a) we show the phase difference between VHF and UU3 with the

latter scaled to the VHF using the corrected linear wavelength dependence.

The corresponding phase difference for UI3 and UU3 is shown in Figure 7(b).

The system phase noise is clearly evident in Figure 7. However, in

general the phase structure that can be attributed to diffraction effects

does not contain the low-frequency content that dominates the VHF phase

structure in Figure 6. To show this directly, in Figure 8 we have plotted

the VHF phase spectrum and the spectrum of the VHF-UU3 phase difference.

The spectra cross near 2 Hz, with the difference spectra showing a genuine

flattening to -2 dB below the VHF phase spectrum below 0.1 Hz. For the

high frequencies, the phase-difference spectrum is -3 dB higher than

the UHF phase spectrum, verifying that the high-frequency components are

uncorrelated.

3f7

~V 0

0918 0919 0920 0921 0922 0923 0924

STIME, LIT
LA-3793-160

FIGURE 6 DETRENDED VHF PHASE FROM POKER FLAT PASS 6-36
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We conclude that, with the exception of the most disturbed cases,

diffraction effects for phase are confined to the frequencies above 2 Hz.

Since typically more than 90% of the contribution to U comes from the
frequencies below 2 Hz, we are well justified in neglecting diffraction

in our analysis of the geometrical dependence of phase scintillation.

In our analysis we have used the fixed coordinate system shown in

Figure 9. Ignoring diffraction effects and any gross refractive effects,

the signal phase is given by the straight-line ray-path integral

...: .. . .

REGON *.... . . . . . . ... ,*

: FREE SPACE

LA-3793-1 63 ],.

FIGURE 9 COORDINATE SYSTEM USED FOR THEORETICAL CALCULATIONS

27

i ,

B L - 0 c ....... .*..: ..

y .



ALsecO L
Ak n(r)dL r see ftA[ +tan 0 aZ) ldT

0 0

where 6n is the perturbation to the refractive index and akT is a unit

vector along the projection of k onto the xy plane. By direct computa-

tion from Eq. (1), we have

L
2- 2 7A~

R (AP) r A sec2 e L - R + tan 8 a d ,'0 e fL AN e APs kT
-L

(2)

where Ap = AP - tan e akT Az. The dependence on Az accounts for the

fact that the phase structure is generally not sampled in a plane

parallel to tht xy plane.

Equation (2) exhibits a complicated dependence on the layrer thick-

ness. However, if the correlation distance along z, LZ' is small

compared to L, then for T > A << L, RAN e 0. In that case
z e

R (Ap) 2! r X se2 L R AN s + tan 0 A TI, dT . (3)

The spatial Fourier spectrum of R ( 4s readily computed as

"- 2 22 2 @ • (4)A
(K r X sec 0L K tna *K (4)80 ( = AN , -tan A ekT

7t1

where Ae(K,Kz) is the three-dimensional spectral density function of

AN (P,z).e

The phase-scintillation index is given by the value of Eq, (3) at

Ap = 0 or the integral of Eq. (4) over all K. Thus,
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iO

a= r sac OL R /( an O ,

f e

Sre
2 X2 sec 0 L -tan 0 a . 2 2 (5b)

e GLJX~ kT (2v)

It is clear from the form of Eq. (5a) and (5b) that a can oxhibit a

complicated dependence on the propagetion angles. For isotropic ir-
2+ f1

regularities, however, RAN, depends only on (Ap +z6) , with a

Ssimilar result for e In that case, it follows from Eq. (5a) or

(5b) by a simple change of variables that a. sec OL.

It is instructive to compare these results with che case in which

S>> L. Then, Eq. (2) givesz

R (tip r (Lse (ApO1) (6) L
+"e "e)2AN e -st'•'.- R6@(Ap) =•r2•( sec / A s,) (6

"Thuis, for very large irregularities the geometrical dependence of a is

simply (L sec 9) independent of any anisotropy exhibited by A& (p,z).
e

However, such large structures are best treated as trends, and we shall

not consider them further here.
•:..

and To continue, we need to model the anisotropy of AN (pz). In Rino

and Freniouw (1977) we used the extension of the Briggs-Parkin and Budden

n odel developed by Singleton. In that model the irregularity structures

are assumed to have extended spatial coherence along two mutually per-

pendicular axes. The principal axis is taken along the magnetic field.

The second axis can be inclined at an arbitrary angle relative to the

meridian plane.

When this model is used, Eq. (4) takes the form

-ta AN a ab-ta ) Q (eAK2 + BK C + yK '

(7)
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where a and b are the respective axial ratios along and transverse to

the magnetic field and Q[q] is the mathematical form of the three-

dimensional spectrum. The anisotropy coefficients A, B, and C, which

are defined in Rino and Fremouw, 1977, are functions of a, b, 0, cp,

the magnetic dip angle, 4, and the orientation angle, 8, for the second

elongation axis.

* To study the geometrical dependence of the phase scintillation as

well as the anisotropy of the diffraction pattern, it is unnecessary to

specify Q(q). Indeed, Eq. (2) can be shown to have the general form

R (AP) f a f(APs )] (8)

where

[CAP 2 "BAPxAP +AIp2]

f[(Ap -- B. (9)i (AC - B2/4)

S2= r 2X2e ()(L sec 8)K (10)
0 e e

ab

2
AC - B /4 cos 9

Sq Q(q) dq (12)
2Tt

and k(y) is the three-dimensional Fourier transform of Q(q).

In this model, contours of constant phase correlation are ellipses

with the axial rdtio given as

A +C+D
AR =A + C -D (13)
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where

D = (A - C) 2 +B 2 14 (14)

The orientation angle, is given as
R'

a-=an (15)
R A

To complete the model we need only introduce the scan velocity v, which

is the apparent velocity of the irregularities at the penetration point

due to both the source motion and the true irregularity drift. Thus, the

measured correlation function is obtained by substituting Ap - vat for

Ap in Eq. (8).

The temporal correlation function measured at a single receiver is

obtained by setting Ap = 0. Thus, by making the appropriate substitu-

tions, we have
2

SR80 (At) = ag9(veff At) (16)

where

v v Bv v + Avy2 /(AC - B2/4 , (17)• Veff Vx Xs Ys s

vwith tan 8 AkT vz. The velocity parameter v accounts for
w T teff

the fact that the time structure of the scintillation depends critically

on the anisotropy of AN . As an example, for tht: same scan velocity thei e
time structure of the phase is slower when scanned along the principal

axis of the diffraction pattern than when scanned across it. In this

model we neglect any temporal change in the irregularities as the pattern

is scanned.

Returning now to the geometrical dependence of a. we consider
2

Eq. (10). We see that the angle dependence of N is contained entirely

in the product G sec 8. For isotropic irregularities, G - 1 as we have

already noted. For field-aligned irregularities, G achieves its maximum

value, a,, for propagation along the principal irregularity axis and
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reduces to unity for propagation angles well removed from the principal

irregularity axis.

We show this effect in Figure 10 where G sec 9 is plotted against 0

for different magnetic azimuth angles Tp. We used a - 50 with 'P-760,

the latter being the nominal dip angle for the Poker Flat receiving

station. When cp = 0, there is a 50:1 enhancement at e - 14%, which is '

the field-aligned direction. The enhancement rapidly broadens and

diminishes as lcpl increases. The shape of G sec 9 ceases to change forL

axial ratios greater than '-20. Thus, if the abscissa in Figure 10 is

scaled to unity at 50, then the curves are universal for a ;b20.

Now, if the irregularities are elongated along the second axis

(b > 1), say in the geomagnetic east-west direction (6 = 0), Gesec 9

achieves its maximum value (G mx=a) whenever the line of sight crosses

the "shee~t" axis. When 68 0, the sheets are aligned along the local

'P=760
a -50

50

30

20-

ISOTROPIC

0 1 20 3 40 50 60 70 so

0-deg

LA-3793-1 64

FIGURE 10 GEOMETRICAL DEPENDENCE OIF PHASE SCINTILLATION FOR ROD MODEL
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L-shell. The geometrical enhancement for such sheet-like structures

is shown il Figure 11.

I-50

W b - 50

40

30 bIp

p--10*

10-

-- 30

10•• ISOTROPIC i:

0 10 20 30 40 50 60 70 80
0 - dog

LA-3793,165

FIGURE 11 GEOMETRICAL DEPENDENCE OF PHASE SCINTILLATION FOR SHEET MODEL

It is clear from the outset, however, that from the observed phase

scintillation variations alone we cannot separate a genuine source varia-

tion from a geometrical enhancement. On the other hand, if detectable

enhancements consistently occur where the theory predicts, we can develop

some confidence that we are seeing a geometrical effect. The spaced-

receiver analysis described in Section B does not suffer from this

ambiguity, but, owing to sensiti.vity and time-consuming processing, it

is not feasible to fully process all the passes that show this effect.

To look for geometrical effects, we first isolated all the passes

that came within 10' of the field-aligned propagation direction. These

passes necessarily occur near local midnight and many are disturbed so

that complicated source variations often mask any geometrical enhancement
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that might be present. At the opposite extreme, a fair number of the

midnight passea are quiet, with the field-aligned propagation point

falling within the high-latitude plasma trough.

For these weak scintillation events, we have found that there is

a well-defined enhancement whenever the line-of-sLght comes within a

few degrees of the field-aligned propagation direction. An example for i
which a clear enhancement is evident is shown in Figure 12. The phase-

scintillation index is normalized to its local maxima and replotted in

the lower frame. The dashed curve is the value of G sec e separately

normalized in the same way.

2 I 0I

41 -oo 0.5 S4

o _ -•L__-L L4 L.1 0

0 THEORETICAL ENHANCEMENT:
>U •J 2< FOR ROD OR

SHEET MODEL

1032 1034 1036 1038 1040 1042 104 UT

74.1 69.0 52.1 14,2 73.8 41.3 47.2 BP ANGLE

77.3 72.2 66.6 65.7 62.9 59.7 55.7 DIP LATITUDE

LA-3793-166

FIGURE 12 GEOMETRICAL ENHANCEMENT FOR POKER FLAT PASS 9-49 TOGETHER
WITH CALCULATION OF THEORETICAL ENHANCEMENT

The fit is very good except near the "edges" of the enbancement

where the theoretical curve does not fall off rapidly enough. We believe

this effect can be explained and shall return to it shortly. For cases

of weak scintillation in which the line of sight is not within a few

degrees of the field-aligned direction, we find either no clear enhance-

ment or a good fit to the rod model. Thus our tentative conclusion is

that a weak background of irregularities exist in the plasma trough with

a simple rod-like anisotropy.
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For the more disturbed cases, which are generally poleward of the

trough boundary and, therefore, in the region of the diffuse aurora,

the rod model fails to characterize the enhancement. An example is

shown in Figure 13. The rod model is clearly too broad for the 8.20

minimum Briggs-Parkin angle. The sheet model shown in the lower frame

comes much closer, but it fails to drop off rapidly enough as we noted

with Pass 9-49 shown in Figure 12.

To explain this effect, we rote that the power spectrum of phase is

the Fourier transform of Eq. (10), which has the general form

t+112 . (18)

VE[K + (2nf/Vff)2/Veff 0 af-

4I I I I ' I 2.0

3 o1.5 .
00.

2- 1.0 S4

1 S 0.5I4
0 _ THEORETICAL ENHANCEMENT:

FOR ROD MODEL

__• ! .=-•_____J J _________ __

2 CODRECTD SHEETMOE
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II l•I ii.i iii ,IiI I il Ii i

74.1 69.9 56.5 26.4 16.G 38.1 46.6 SP ANGLE

. I I, II U ii iII i i i II i I, .

80.7 74.8 70.3 66.8 63.6 602 55.9 DIP LATI'UODE
LA-3793-167

FIGURE 13 GEOMETRICAL ENHANCEMENT FOR POKER FLAT PASS 7-31 TOGETHER
WITH CALCULATED THEORETICAL ENHANCEM NT AND CORRECTION
FOR DETRENDER CUTOFF
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However, since we huve not observed the outer scale within the detrendor

cutoff fc, we conclude that 2vf /v >> K 0 Thus the measured phase

scintillation index, a, is given as

VP
A 2 2 f~
a" r'X C sec OL). Cs )- d -

C S Vef f Vf ff
"_f

c

Sr2[ýec e Veff (24f )(P+l) (19)

so that A G sec 9 Veff +.

In the curve in Figure 13 marked "corrected" sheet model, we have- (p+l) -
used G sec 8 v with vff calculated from Eq. (17). The cor- A

rected curve fits the observed enhancement very well. In Figure 14, K

we have summarized the location of the enhancement for a number of

typical midnight passes. In all the cases shown, the sheet model fits

very well. F

To show that the sheet model works for larger Briggs-Parkin angles,

in Figures 15, 16, and 17 we show a sequence of enhancements for pro-

gressively increasing Briggs-Parkin angles. In Figure 16, the rod model

predicts no local enhancement at all. Figure 17, in which only the sheet

model is plotted, is interesting because there is evidence of a localized

enhancement within an aurorally disturbed region. A summary of the en-

hancement location ior a selected set of morning and evening passes is

shown in Figure 18. The scatter around the L - 5.5 contour is evidently

due to the 20-s sample interval.

All nighttime passes taken through December 1976 have been analyzed

for geometrical enbancements. In -60% of those passes, there is a

localized phase- and amplitude-scintillation enhancement that can be

completely explained by the east-west (6 - 0) sheet model. Since the

shape of the geometrical enhancements saturates, we can only put a lower

bound on the axial ratios at -10:10:1 or greater. Now, of the remaining
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FIGURE 18 LOCATION OF GEOMETRICAL ENHANCEMENT FOR SELECTED EVENiNG
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40% of the pastes, half were either very quiet or very disturbed, so

that the geometrical enhancement is not prominent. We have already

noted that the weak irregularities in the trough appear to be rod-like.

The fina.l Z0% of the passes show a localized enhancement that is

generally displaced from the predicted point of occurrence of the geo-

metrical enhancement. As noted in BPR 6, a true source enhancement is

possible for these cases. On the other hand, there is no obvi.ous dif-

ference in the structure of the phase or amplitude scintillation when

compar(d to other passes where the model fits. However, in each of the
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cases where this discrepancy occurs, the enhancement is at or very near

the TEC boundary that indicates the poleward wall of the plasma trough.

Such events are described in BPR 6.

By comparing near simultaneous elevation scans taken with the

Chatanika radar, it has been found that on many occasions a column of

ionization extends through the F-region at the equatorward edge of the
diffuse aurora. An example is shown in Figure 19 where thv. TEC and VHF

scintillation are shown for Pass 12-15 together with contours of constant

electron density obtained from the Chatanika radar. For this particular

pass, the predicted enhancement for the sheet model occurs on the pole-

ward edge of the observed scintillation enhancement.

Indeed, a TEC enhancement is coincident with the scintillation

enhancement. The TEC enhancement is readily explained by the column

ionization in the Chatanika radar data, and it is tempting to associate

the scintillation enhancement with a true source enhancement within the

column. However, an extended column of ionization can cause significant

refractive effects at VHF, particularly at grazing incidence angles.

Since only straight-line ray paths are considered in our analysis to

date, it is possible that our calcu.ation of the location of the geo-

metrical enhancement is incorrect.
4

To summarize, we have found good agreer ent with the sheet model in

'- 60% of high latitude nighttime data, that is for all cases that were

observed poleward of the diffuse aurora. Only '20%/ of the passes showed

isolated scintillation enhancements that were not explained by the model.

However, we have noted that refractive bending of the propagation path

may be important in these cases. In Subsection B, we present an analysis

of int-rferometer data that unambiguously verifies the sheet model for

at least a limited number of passes.

B. Spaced-Receiver MeasurexTents of Ionospheric Irregularity
Anisotropy and Motion

The multiple-spaced receiver system used in conjunction with the

main receiver at the Poker Flat Station allows us to measure the anisot-

ropy of the diffraction as well as the apparent pattern motion, These
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measurements can, in turn, be used to infer the true anisotropy and drift

motion of the ionospheric irregularities. We describe the method and

present our preliminary results in this subsection.

SAs the satellite. passes overhead, the propagation path scans through

the irregular medium, and at our receivers we observe the projected time-

changing diffrRction pattern as shown schematically in Figure 20. Ia an

ideal case, with multiple receivers we should be able to determine the

correlation surface in this projected pattern. Then, knowing the propa-

gation geometry, the correlation function in the medium can be determined.

[I

11

IRREGULAR
MEDIUM

ri M

LA-3793-114

FIGURE 20 POKER FLAT SPACED-RECEIVER GEOMETRY
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Similarly, we should be able to measure the total drift of the irregularity

pattern oai the ground by using correlation methods. Since the contribu-

tion to the drift due to the satellite scan can be removed from this total,

we can obtain an estimate of the irregularity velocity in the ionosphere.

When the spaced-receiver analysis effort began, we first developed

methods to determine the pattern drift in the hope of determining irregu-

larity drifts that could be compared with the plasma drifts measured by

the Chatanika radar and other direct or indirect methods. The analysis

method and some early results were reviewed in BPR 3. These early results

showed some very striking features, in particular a large east-west shear[

that consistently appeared in conjunction with the scintillation enhance-

ments discussed in Section IV-A. We have since found that the velocity

features can be explained as signatures of sheet-like density structures

in the medium. The apparent velocity is one of the parameters we are

using to compare theory with measurement, and it is worthwhile to review

the methods currently being used to derive this velocity in the analysis.

1. Apparent Velocity Method

A straightforward and intuitively satisfying application of

the correlation method can be made to determine the pattern drift velocity

if we assume that our multiple receivers are seeing the projection of a

temporally unchanging irregularity structure, moving with a constant

velocity, V. If we compute the cross correlation of the signals at

two receivers separated by a baseline Ap, the resulting cross-correlation

function maximizes at the time delay Tjas shown in Figure 21. From

measurements of T obtained from signals taken on two ortbogonal base-

lines, both the direction and magnitude of the pattern drift can be

determined. A velocity derived in this way from the maxima of cross

correlation functions is known as the apparent drift velocity in the

terminology of Briggs et al., (1950), whose methods have provided the

basis for most spaced-receiver correlation analyses.

In practice the irregularities are never strictly frozen.

Moreover, the propagation geometry changes with time. This tends to

make the true and apparent pattern velocities diverge. The method of
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FIGURE 21 MEASUREMENT OF APPARENT VELOCITY
AND THE INTERSECTION OF TWO CROSS-
CORRELATION FUNCTIONS

Briggs et al., was extended by Phillips and Spencer (1955) to take into

account a temporarily changing pattern to yield the true pattern-drift

velocity from the measured cross-correlation functions. This is discussed

briefly in BPR 3. A further extension of one method mentioned by Briggs

et al., which is closely related to our method of estimating the pattern

anisotropy, is the method we propose to use to estimate the true irregu-

larity drift velocity. The methcd will be discussed in Subsection B-2.

We can estimate apparent pattern velocity using the correiption

methods as outlined above. In fact, for Wideband, such methods can be

applied to both signal intensity and phase. The main shortcoming of the

correlation method is that it yields no information about the pattern

velocity as a function of spatial scale. Such information is important

if, for example, the irregularity motion is being driven by a dispersive

wave mechanism, such as ion acoustic waves. The dispersion information

could be extracted from the Fourier transform of the cross-correlation

function. Utilization of the cross spectrum in this manner has been

discussed in some detail by Gossard et al., (1967).

The cross-correlation cross-sectrum trausform pair can be

"written as

R(Atpj - V•r) T 0 (f)I exp[i0 (f)) (20)
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For the simplified case of a frozen pattern moving with constant velocity

V it is clear that a shift in the correlation function due to V is
s

recoverable from the phase of the cross spectrum. In particular

V= Ap , (21)

where 0 (f) is the phase of a particular frequency component of the

cross spectrum. Despite a 2v ambiguity in deriving the cross-spectrum

phase, the spectral method requires no more effort than the time-domain

method. Moreover, the spectral method gives a measure of the velocity

dispersion.

During the course of the initial analysis, both the correlation

and cross-spectral methods were applied to signal intensity and phase.

Upon comparing the results, we found good agreement between the measured

apparent velocities, particularly when the cross spectrum indicated non-

dispersive motion. When the motion is dispersive, the apparent velocity

derived from the cross spectrum agrees well with the velocity estimates

obtained from the larger spatial scale portion of the cross spectrum.

An example of what we observed when the apparent velocity is

calculated for a Wideband pass over Poker Flat is shown in Figure 22.

This is a high-elevation pass (maximum elevation 790) and what it shows

is fairly typical of quiet geomagnetic conditions. The detrended VHF

amplitude and phase [(a) and (b) of Figure 22] are quiet throughout the

pass except for a burst of scintillation when the propagation path lies

along the 1-" L-shell.

'.Aie apparent pattern velocities are shown in (c) and (d) of

Figure 22. The orientation of the baselines at Poker Flat is such that

the sctellite scan is almost directly along the north-south baseline.

Accordingly, t :ontribution to the observed signal-pattern drift from

the satellite is primarily in a north-south direction, with a much smaller

east-west component. In Figure 22(d), the observed northward velocity

has the magnitude and behavior expected from a satellite scan through

essentially stationary irregularities in the F-region. However, the
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east-west apparent pattern velocity in Figure 22(c) is dominated by a

large velocity shear of magnitude -30 km/s corresponding to the region

of enhanced scintillation.

The east-west velocity shear, such as that shown in Figure 22,

was initially attributed to irregularity motions. However, as more passes

were analyzed and very large shears were observed in virtually every pass,

it became clear that the observations had to be explained in another way,

e.g., as being due to a rapidly changing snisotropy from the projection

of highly elongated irregularities.

2. Anisotropy Method

There are a number of anisotropy estimation methods in the

literature that use spaced receivers, but few are suitable for analyzing

the Wideband data. in particular, our high data rates allow us to look

at the data with high time resolution, and we often observe significant

changes in the shape of the cross-correlation functions of intensity and

phase in time. Therefore, we needed a method that minimized the restric-

tion on correlation-function shape; such a method was used by Armstrong

and Coles (1972) in their analysis of interplanetary scintillation. 2

The basic assumption of the method is that the lines of con-.

stant correlation in the irregularity diffraction pattern are concentric

ellipses, or, more concisely, thba they are of the general quadratic form:

R(PT) =R[f(tp), ,r (22)

wAp Mfp and M is a 2 X 2 matrix whose elements define the
where f(•p) = -T and

orientation end anisotropy of the zorrelation ellipse [see Eq. (9)].

What we, as a stationary observer, really see is a correlation surface

distorted by the satellite scan and any other irregularity motion. Thus,

in place of Eq. (22), we have

R(AP,,r) R[f(Ap V'T),r(
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The basis for the method is that any two cross-correlation

functions (indicated by the subscripts j and k) intersect when plotted

on a coummon time axis (see Figure 21). At the point of intersection

we must have

R[ jA' V T)'Tlk R b+P VT)T(4
R it~ - V k - k - VTk))jk) ,(4

where T k is the intersection time lag for the particular intersection.

Equation (24) holds only if

W it T T -T P VT (5

(Pj - Vs jk) M(APj - Vs~jk) &Pk Vsjk) M(k sk) (25)

or

V = M(P - MAPj p nk (26) ~Vs M(Ap - Ak 2k !4 M p/tp] .(6

This is the Armstrong and Coles result, but unlike their analysis in

which isotropic irregularities were assumed so that Eq. (26) can be

solved for V, we need both M and V . To estimate M we introduce another

set of readily measured time parameters, namely the times at which the

intersecting correlation functions maximize, TV, shown in Figure 21. If

the general quadratic form is differentiated, we find that T must satisfy

the relation

T-T 2Vs HAPj =Tj VsTVs T 5 iV e (27)

This and a similar expression for the &Pk baseline can be combined with

Eq. (26) to obtain the system of equations

ST[IM/V2]ep - Tk [/VeYpk = 2 jk(j - I (28)

From Eq. (28) the anisotropy paramneter matrix M can be determined by

using the three measurable time parameters and the known baseline vectors.

In practice this is done using the least-squares method for up to 240
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I intersection pairs (including autocorrelations), which are available with

our four antennas.

Thus we have a mQthod that solves for pattern anisotropy inde-

pendent of the particular shape of the correlation function; only

elliptical symmetry is required. In addition, we note that in Eq. (28),
2although we solve for M/V , reinsertion of this parameter into Eq. (26)

does not upset the equality, and we can go one more step and solve for
-.

the true pattern velocity V . This portion of the analysis has just

recently begun, but it already shows considerable promise in yielding

true irregularity velocities.

3. Evidence for Sheet-Like Irregularities

With methods available to derive both the apparent pattern

velocity and the anisotropy of the observed diffraction pattern, we

applied the theoretical model described in Section IV-A to compute

these same parameters as a function of postulated in situ anisotropies

and the known geometry. That is, in addition to describing the temporal

behavior of the signal as a function of propagation geometry, the method

was expanded to include spatial behavior. To reiterate, the theoretical

predictions are based upon the Singleton/Budden generalized ii•regularity

model for which, in addition to an elongation, a, along the loia` magnetic

field line, an elongation, b, perpendicular to the field line vaxt be

postulated.

Figure 23 is an example of the predic!EAJ91 pparent pattern

velocity and anisotropy as would be observed at't,',.. receivers for a

typical high-elevation satellite pass at Poker Fla,. The postulated

in situ irregularities shown are 10:1:1 rods, 10:10:1 sheets, and

10:5:1 sheet-like structures, all for an assumed 350-km penetration

altitude. There are several important features to note:

At the horizon, the axial ratio [Figure 23(b)] for the
rod model is large. Intuitively this can be seen as
a "shadow lengthening" as the line of sight becomes
nearly perpendicular to the rods. For the sheet model,
the axial ratios at the horizon are small, while at the
intersection of the local L-shell we see a large east-west
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elongation with an axial ratio peak of about 10:1. The
10:5:1 sheet-like structures produce something in between
these extremes.

"* The observed correlation ellipse rotates as the line of
sight comes into the L-shell plane [.Figure 23(a)]. For
rods this change is very rapid, for sheets it is less
rapid.

"* The apparent pattern velocity along the north-south
baseline [Figure 23(d)], for which we see the prime
contribution due to satellite motion, is essentially
the same for both the rod and sheet models during the
near overhe&ud portion of the pass. At the horizon,
.che rapidly changing axial ratio for the rod model pro-
duces a reduction in the apparent pattern velocity.

"* The large east-west velocity shear due to rapidly chang-
ing anisotropy [Figure 23(c)] is evident in the model
calculations. The magnitude of the shear, and to some
degree its location, is dependent upon the postulated
anisotropy.

To suimmarize Figure 23, we have shown parameters measurable

from the observed diffraction pattern that are sensitive to the form of

the ionospheric irregularity structure. Thus, by observing the detailed

* structure of these parameters, we can infer the anisotropy of the iono-

spheric irregularities.

At this point, it is important to note that the theoretical

model used to produce Figure 23 assumes homogeneity of the irregularity

structure over the entire region scanned by the satellite pass, some

2000 km. We might realistically expect homogeneity under most moderate

* geomagnetic conditions over perhaps five minutes of the pass. Accordingly,

the emphasis in the following examples has been on the center portion of

the pass. Detailed comparison between the model calculations and the

data near the horizons must be made cautiously.

Figure 24 shows the anisotropy parameters and apparent velocities

for Poker Flat ass 12-Il, which was recorded during the 1976 rocket cam-

paign. This was a relatively high-elevation pass (maximum elevation 570)

during mildly disturbed geomagnetic conditions. Superimposed on the

measured axial ratio and orientation angle in Figure 24(a) and (b), are

the theoretical predictions for L-shell ali~gned 10:10 sheets. The agree-

menit is excellent, with he observed axial ratio enhancement well-matched

52



w

4li. LU

LU *

! uj
VC

Ln -u

0.C

J.0

0-

0 0l

LL. 4 Ow

-1v
11~~. 1 1 H - (

53



by the theory. Figure 24(c) and (d) shows the apparent east-west and

north-south velocities for the same 10:10 sheets and .pen~tration heights

of both 120 and 350 km. The east-west shear is bracketed by the pre-

dictions for the two heights, although the north-south velocity is under-

estimated between 1129 and 1133 UT. The rod model, when ,,plied to this

case, shows poor agreement with both the axial ratio and orientation

angle, and it significantly underestimates the magnitude of the east-west

velocity shear.

Figure 25 shows a similar comparison for Pass 12-10 (maximum

elevation 580) earlier on the same evening as Pass 12-11. The compari-

sons are shown for the same 10:10 sheets as in Figure 24, but here we

have also reduced the dimensions of the sheets to 8:4 to get a

better agreement with the obsevved axial ratio and orientation. Fig-

ure 25(c) and (d) shows the observed and theoretical apparent pattern

velocities for which the agreement is excellent for both the 10:10 and

8:4 models.

The data in Figures 26 and 27 are from two passes early in the

experiment operation just before and just following, respectively, a

magnetic substorm. For Pass 6-14 (maximum elevation 40') the correla-

tion orientation match is excellent for 10:10 sheets, and there is some

evidence of an axial ratio enhancement near 0911, although the model fit

is only fair in this region. The velocity agreements are generally good

for 10:10 sheets with a noLable exception between 0910 and 0911. Such

a discrepancy In both the east-west and north-south directions may be

evidence of a localized region in which the drift of the medium is

significant enough to be comparable to that produced by the satellite

motion. We might further speculate that a local inhomogeneity may also

be the reason that the axial ratio match is not good over the entire pass.

Figure 27 is for a somewhat lower elevation (340) pass to the

west of Poker Flat, about an hour after the substorm recovery. The

scintillation was close to uniform throughout the pass and we see excel-

lent agreement between the measured anisotropy parameters and apparent

velocities for 10:10 sheets. There is some departure, both in the axial
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ratio and velocities, between 1238 and 1239. This is likely to be another
localized region in which the irregularity structure and motion differ

from the surrounding medium.

4. Summagr

In these passes, and in several more that have been analyzed

in detail, there is strong evidence for L-shell-aligned, sheet-like

irregularities at high latitudes. This evidence is seen both in the

observed pattern anisotropy, i.e., axial ratio and orientation angle,

and in the apparent velocity eIgnature, both of which are sensitive

functions of the in situ structure. So far, the detailed analysis has

been completed only on passes recorded during mild-to-moderate geomagnetic

activity. To develop a measure of the morphological dependence of the

ionospheric structure, many additional passes will have to be analyzed,

encompassing a variety of geomagnetic conditions. This work is currently

underway.

C. Auroral Total Electron Content

The total elpecron content (TEC) boundary between the diffuse aurora

and high-latitude plasma trough has been identified (BPR 6) as a repeatable

feature that is often associated with scintillation. The relationship of

the bound&ry an.4 the geometry to enhanced scintillation has been discussed

previously (BPR 6). The nature of the TEC boundary and its long-term

oehavior have been studied also. The poleward TEC boundary of the trough

is evident in much of the Poker Flat data near local midnight. Wideband

measurements of the trough from Poker Flat are especially well-suited to

describing the details of the boundary, since it often is nearly over-

head. Some 200 passes have been examined in terms of trough TEC behavior.

Many of these were from summer and fall 1976.

The data are treated by displaying TEC corrected for ionospheric

obliquity at an estimated height of 120 km compared to the L-value of
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the assumed E-region iutersection point. Typical results are given in

SFigures 28, 29, and 30. The three progressive passes of F.gure 28 show

a step change in content of a factor of 3 to 4 with an intersection

point change of 325 km (L of 4.5 to 5.4). Much sharper boundaries

are observed, as in Figure 29, but those of Figures 28 and 30 should

be considered typical. It is also common to find an enhancement of

TEC at the poleward edge of the boundary as shc,.- 4.n the earliest pass

of Figure 28. The unusually stable position and details of the boundary

sequence in Figure 29 for passes from east to west reinforces the idea -!

of repeatability of the phenomena.

A search for magnetically quiet data found a small data set typified

by that d splayed in Figure 30. When no magnetic activity occurs, then

the boundary region drifts southward (to lower L-values) during the post-

midnight hours. This behavior would be expected from the known pattern

of the auroral oval as seen from Poker Flat. The few examples found all

showed the equatorward drift in the expected magnitude. The boundary
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FIGURE 28 TEC BOUNDARY FOR NIGHTTIME WIDEBAND PASSES ON 17 JULY 1976
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positions as a function of time have been plotted in Figure 31 to

illustrate this feature of the quiet-time data.

Conside-ation of magnetically active periods a1 to reveals a not-

unexpected result for the position of the poleward trough boundary.

That is, higher magnetic activity pushes the boundary southward while

lower activity allows an expansion or relaxation. Figure 32 plots the

L-value of the boundary again3t magnetic activity scaled from the H-

component College magnetogram at the time of the pass. The scaled

values are proportional to deviation from the magnezometer zero liie

so that smaller values indicate greater activity. This very rough

estimate of the immediate state of activity appears to connect closely

with the observed boundary position. Seasonal variations are seen by

comparing data from different months.
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FIGURE 31 "TEC BOUNDARY POSITION COMPARED TO TIME

FOR MAGNETICALLY QUIET CONDITIONS
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Continued work will analyze more of the available data base to

further develop the quiet, active, and seasonal behavior of the boundary

as well as further details of its structure and its relation to auroral

scintillation.
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II

V EQUATORIAL SCINTILLATION

A. General Characteristics

The most consistent feature in the equatorial scintillation is the

pronounced seasonal dependence, as noted in Section III. Scintillation

activity diminishes rapidly at Ancon around April, which marks the end

of the summer period in the southern hemisphere. Similarly. the scin-

tillation activity at Kwajalein diminishes rapidly around September.

The onset of the active period occurs around April at Kwajalein and

October at Ancon.

At the present time it is not clear if there is a genuine local

sumner maximum at the equator stations or simply a filling in of the

activity between equinoctial maxima. The detailed morphology of the

equatorial scintillation remains, therefore, somewhat uncertain, and

the subject is currently being actively studied.

The structure of the equatorial scintillation itself is characterized

by the fact that for a given level of amplitude scintillation there is

Iless associated phase scintillation when compared with auroral scintilla-

tion of the same fading level. A good example of this effect is shown

in Figure 9 of BPR 3. We believe that this difference is real, although

it must be kept in mind that the level of phase scintillation is dependent

upon the detrender cutoff.

' • Indeed the fading rate is typically slower for the equatorial data

wher. compared with the high-latitude data. Thus, since we are using a

fixed detrend filter cutoff, more phase structure is removed in the

equator data than in the auroral data. Nonetheless, we expect the

equatorial irregularities to develop at higher altitudes than the

auroral irregularities. Moreover, there is some evidence of a "flattening"

of the equatorial phase spectrum, i.e., spectral index values p b -2.5,

whereas the auroral data typically show -3 < p < -2.5. Both higher
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altitudes and flatter spectra act to produce more amplitude scintillation

for a given level of phase scintillation.

The equatorial data are of particular interest from the communica-

tions standpoint because of the extremely severe fading conditions that

can occur. Slow deep fades with a high degree of spatial and frequency

coherence are particularly troublesome because mitigation through diversity

is quite difficult. Two examples of slow deep fading recorded at the

Kwajalein station are shown in Figure 33. These are the only available

examples of this phenomenon. Moreover, to characterize such events

requires special processing, which will be done in the near future.

The more typical extreme equatorial scintillation event is the
development of very intense and rapid scintillation that persists into

the gigahertz range. An example from Ancon Pass 35-12 that has been

analyzed in some detail was presented in BPR 3. It was found, however,

that the very rapid phase scintillation was producing "phase jumps" when

processed at the 100-Hz rate, The data have since been reprocessed at

the 500-Hz rate. An example of the frequency decorrelations that can

occur is shown in Figure 34.

To show the relative frequency of occurrence of gigahertz scincilia-

tion events, we have plotted as thin vertical lines the local time of all ]
recorded nighttime passes compared to date for Ancon and KwaJalein in

Figures 35 and 36, respectively. The shaded areas designate times at

which the S4 index exceeded 0.2 at 1239 MHz. The number of such events

is somewhat higher at Ancon, although the longitudinal/seasonal dependence

undoubtedly plays a role here. Some additional characteristics will be

discussed in Section V-B.

To conclude this subsection, we show several examples of gigahertz

scintillatior events at Ancon, together with the standard spectral summary

parameters. The data are shown in Figures 3D through 42. As a general

rule, whenever the T parameter (measured at VHF) achieves a value of 0 dB

or higher, there is a significavt level of gigahertz scintillation present.
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In each case the slope of the phase spectrum systematically flattens

such that p > -2 as tbh intensity of the perturbation increases.

Now, while it is true that significant diffraction effects are

present in both the VHF and UJHF spectra, we believe that this flatten-

ing genuinely indicates the generation of more small-scale structures,

relative to the larger structures when compared with less-disturbed

cases. This conclu31on is supported by the analysis in Section IV-A,

where it was shown that even in the presence of obvious diffraction

effects and/or phase jumps in the signal phase, the shape of the phase

spectrum is preserved over the region where most of the spectral phase

contribution occurs.

Thus, while a ccnsiderable amount of theoretical work has been

applied to the equacorial gigahertz phenomenon, ultimately the parameters

that control the spectral index of the turbulent irregularities must be

considered. Indeed, flattening the spectral distribution of the irregu-

laritie, is an intuitively satisfying way of generating amplitude scmn-

iation in the gigahertz frequency range.

B. The Equatorial Scintillation Campaign

All of the routine data processing through the display of summary

tapes, including spectra, has been completed for the special operations

at Ancon during March 1977 (see BPR 6). The several cases showing sig-

nificant S-band scintillation and spectral decorrelation at UHF have been

the focus of initial attention, since they represent the most extreme

conditions. From additional processing of the entire data set, we have

displayed scintillation index compared to the F-region propagation path

'.ntersection point in simple geographic coordinates. Several passes

are illustrated in Figure 43, which also shows the intersection points

for the geosynchronous beacons monitored by AFGL from Huancayo and Ancon

during the March experiment. This is the first step in comparing coor-

dinated measurements from Wideband, AFGL, and Jicamarca.

75



0425, 20 MARCH
0488. 26 AC4S0,2 0 0410, 17 MARCH

i .t li

! • 0313. 26 MARCH

1-0

-Io -- ÷~~H-ATE 3 -o°"- -
-- A-ATS 3- 11 -A-W--

Jr --- • H-GOES

RHUANCAYO..

-- I-- iANCON "

+

- 20-

-1W- OCEA - 3- 0 J•- 'O - 7 -7 --

LONGITUDE-'-" g

- 0 -31",-I-A"C-

-10 --- +. , -.9--

LA-3G3-197

FIGURE 43 WIDEBAND PASS F-REGION INTERSECTION POINTS FOR THE SELECTED
CASE STUEY PASSES

76

1- +

•., .... .... - 1 • • ,.- •' • ''',2• • • • -,• i..••\ ,. ... .+• , -- ••,, • •-,:• . ....... .+ ••



In putting together coordinated measurements, each participant

must be aware of the strengths and. weaknesses of the various data aets

as well as their availability. For example, the Wideband data covers a

short time period but takes a much broader spatial sample than the other

ground-based instrimnents that excel in describing temporal variations of

the scintillation-producing region. A similar consideration applies to

comparisons of the AE satellite data and the Jicamarca radar data that

describe the ionospheric composition compared to position, and irregularity

structure compared to time, respectively. Data from the all-sky 6300

photometer system showed dark bands apparently connected with depleted

ionization and disturbed propagation. These data promise to correlate

well with the diverse scintillation and structure measurements.

A clear objective arising from the coordination is to coherently

combine all available data for several case studies showing the nature

and evolution of the disturbed ionospheric region. It is hopbed that

ultimately such s synthesis will be suggestive cf the as-yet-not-

understood physical processes occurring in the disturbed equatorial

ionosphere.

The UT dates March 17, 20, and 26 have been selected for detailed

case st idies. These were selected because they show strong scintillation

with on and off periods so that the progression of a clearly defined

scintillation-producing region can be traced. Figure 44 illustrates the

complementary relationship between the Wideband and AFGL scintillation

data (provided to us by Dr. Aarons) in time, space, and intensity. The

sequence of scintillation records clearly indicates a series of disturbed

regions moving eastward at about 83 m/s (F-region, 350 km).

The longitudinal and temporal changes associated with scintillation

changes in the Wideband data are very closely coupled to the AFGL obser-

vations that fall mainly in the latitude range of 9° to 110 south.

However, the Wideband pass probes the ionosphere from 30 to 210 south

(see Figure 45). Thus a homogeneous latitudinally extended scintillating

region is suggested by these data. Further analysis will involve the

other coordinated data and will develop the time and space history of the

definable regions. Figure 45 also suggests that a detailed comparison of
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scintillation records will help describe the lifetime of irregularity

structures. The Jicamarce radar data will, of course, also contribute to

such a study.

Some general observations about the Wideband data from the campaigr,

period are possible, as follows:

(I) The daytime data are uniformly very quiet, ilthough day-
time scintillations are most rro'abie in March.

(2) Scintillations observed at night are characterized as
extremely strong or very quiet.

(3) The spatial boundaries of the disturbed regions are
sharp, as shown by patches of intense activity in a
very quiet background.

(4) Scintillations are observed for many nights in sequence
interspersed with periods of several quiet nights.

(5) Wideband passes do not always reveal activity when it is

present in the form of moving patches.

(6) The expected strong seasonal variation in scintillation
activity is confirmed by the Wideband data.

The sequence of active and quiet days suggests that some mechanism

either builds or suppresses irregularities over a period of davs. The

geomagnetic field may be such a coupling mechanism. A rough comparison

with magnetic activity shows a possible anticorrelation between AK for

College, Alaska, and maximum UHF scintillation index, $4 , at Ancon,

Figure 46. (The College AK index was used since the planetary index Ap

is not yet available.) When magnetic acti', was high around March 9

through 11, scintillations were suppressed; wnen magnetic activity was
lower between March 15 and 24, scintillations were enhanced. The graph

illustrates that severe magnetic activity may suppress the scintillation

mechanism for several days, and, conversely, continued low magnetic

activity allows its full development. The present analysis is preliminary.

The currently unavailable magnetic data (AE, DST, and H.ancayo magneto-

grams) should be examined in connection with the appropriately segmented

but complete data set from Ancon.

Study of the equatorial/equinoctial coordinated data set has

progressed beyond the routine processing to the beginnings of compari-

sons. Initial correlative work will focua on three case study days.
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Already an enhanced view of the disturbed ionospheric region is at hand

through the combination of orbiting and geostationary satellite data.

Rclating scintillations to magnetic activity and other similar physical

measures may be fruitful in exposing the operational mechanisms behind

equatorial scintillations. An encouraging start on the analysis of the

special data set has been made.

Vi
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Ij
VI CONCLUDING REMARKS

Additional data taking at the equatorial stations during the active

months should help clarify the complicated seasonal dependence of the

scintiliation activity. Moreover, the additional data will provide more

examples of gigahertz scintillation for detailed propagation studies.

Continued operation aL the Poker Flat station will provide a larger

data base of aurorally induced scintillation. The ramifications of the

sheet model as well as the persistent exceptions that occur when a sharp

TEC boundary is present need further study. In this regard, a second

Wideband receiver using only one UHF and the VHF signals could be re-

motely located from the Poker Flat station to verify that the intense

local scintillation enhancements are purely geometrical effects.

Finally, a considerable amount of work remains in studying in detail

the development of intense-amplitude scintillation, its structure, and

its frequency dependence. Closely related to this task is the conversion

of the temporal frequency variations to true spatial irregularity struc-

tures. This demands a knowledge of both the anisotropy and drift of the

irregularities. The interferometer analysis is the key to unambiguously

resolving these elements.

The work must be pursued in close collaboration with other experi-

mental data, theoretical work, and systems analysis. Ultimately one

seeks a self-consistent model that can relate a 3imple parameterization

of the irregularity structure and strength to the phase and amplitude

scintillation that is actually observed.
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