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PREFACE

　　　　　studies　of　ionospheric　scintillations　appearing on　satellite

radiowaves　have　been　continued　for　ａ　long　time,　and　have

contributed　to　developments　of　the　physics　of　　ionospheric

Irregularities,　　evaluation　　of　　performance　　of　　　satellite

communication　links, and　so　on. From ａ　theoretical　point　of view,

observational　data of　scintillations　have　been　quite　useful　to

construct　　more　　complete　　theory　　of　　electromagnetic　　wave

scatterings　from　random media。

　　　　　The　present　thesis　deals with　observations　and analyses　of

the　mid-latitude　ionospheric　scintillations　of　VHF　satellite

radlowave.　The　former　half　of　the　thesis　Is　devoted　to both　the

observation　of mid-latitude　Ionospheric　scintillations　by　means

of　　spaced-receivers　and　the　investigation of　spatial　structures

of　the　ionospheric　irregularities　causing　scintillations. In　the

latter　half,　an　interpretation　of　observational　results　　１Ｓ

presented　by　using　ａ　strong scattering　theory,　and　also　ａ

comparison between observational　and　theoretical　results　Is　made

to　construct　ａ　scintillation ｍｏｄｅ１。

　　　　　工ｎ　Chapter　2,analysis　method　of　scintl:nation　data　obtained

by　　spaced-receivers　is　described.　This　method, so　called　the

correlation　analysis,　was　developed　in the　195O's　and　196O's.

Through　this　analysis, various　informations　of　spatial　structures

such　as　shape,　size　and movement　of　the　　Irregularities　are

111



obtained.　Then, the　ｅχperlmental　setup　at　the　Hiraiso　Branch　of

the　Radio　Research　Laboratory, and　the　observation　and　data

processing　technique　are　presented。

　　　　　Observational　results　of　the　spatial　structures　of　the

irregularities　are　described　in Chapter　３．　From　observations

under　geomagnetically　quiet　conditions, It　is　confirmed　that　　the

Irregularities　causing nighttime　scintillation　are　well　elongated

along　the　geomagnetic　lines　of　force　at　F-region　height.　Mean

axial　ratio　and　minor　radius　of　them　are　２４　and　１８０　ｍ，

respectively.　　With　Increasing　ｉｎＳ４　index,　the　axial　ratio

increases　while　the　minor　radius　decreases,　suggesting　that

multiple　scattering plays　an　important　role　in　the　production　of

Intense　scintillations.　During ａ　geomagnetic　storm, much　faster

drift　velocities　and　larger　spectral　Indices　of　the　scintillation

spectra　　are　obtained.　which　suggests　stronger　　Ionospheric

electric　fields　and highly-structured　irregularities。

　　　　工ｎChapter　4, the　fourth-order moment　equation　Is　numerically

solved　to　apply　to　ionospheric　scintillation problem.　With　the

aid　of this　computation, observational　results　obtained　　In

intense　scintillation　regime　are　successfully　interpreted.工ｔ　　１Ｓ

confirmed　that　the　decrease　in　transverse　correlation　distance

（ｍｉｎｏｒ　radius)with　increasing　sclntil:Latlon　Intensity　is　　caused

by　the　effect　of　multiple　　scattering.　　Finally.　models　　of

Ionospheric

scintillation

irregularities　　and　　frequency　　dependence　　of

intensity,　　which　　are　　valid　　for

1Ｖ

Intense



scintillations, are　offered.
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CHAPTER　１

GENERAL　INTRODUCTION

1.1.工ONOSPHERIC　SCINT工LLATION PHENOMENA OF　SATELLITE ＲＡＤ:IOWAVES

　　　　　Irregular　fluctuations, called　scintillations, of　amplitude,

phase, and　angle　of　arrival　are　sometimes　observed on　radlowaves

propagating through　the　Ionosphere. Scintillations　are　considered

to　be　caused　by　the　Irregular　electron　density　distribution

(Ionospheric　Irregularities)　formed　in　the　Ionosphere.　Among

these　scintillations, the　amplitude　sclntil:latlons　have　been most

widely　studied.　Originally,　ionospheric　scintillations　　were

observed and　investigated using radlowaves　from radio　stars　in　HF

and　VHF bands.　The　advent　of various　artificial　satellites　has

allowed　to　collect world-wide　data of　the　scintillations　　In　ａ

wide　frequency　range　from VHF　to microwave　band.　　since　the

ionospheric　effect　upon　radiowave propagation　１Ｓ more　remarkable

at　　lower　frequencies, scintillations　appear most frequently　and

Intensely　in　HF　band and　are　rare　at　frequencies　above　the

microwave　band.　Nevertheless, recent　observations　have　found　the

ionospheric　scintillations　at　frequencies　above　１０　ＧＨＺ［Ogawa　et

al.. 1980]。

　　　　　From　ａ　global　point　ofview, there　are　three major　sectors

１



SUNSET RISE

Fig. 1.1.　Global　distribution of　scintillation　occurrence‘(after

Aarons, 1982).
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of　scintillation activity【Aarons, 1982]. Global　distribution　of

the　ionospheric　scintillation occurrence　１Ｓ　shown　In Figure　1.1.

１ｎwhich higher　activity　appears　In both　the　equatorial　and high-

latitude　regions. The　equatorial　region has　been　defined, for　the

purpose　of　describing　the　scintillation, within　the　area　in　±20°

wide　around　the　dip　equator, and　the　high-latitude　region　with

geomagnetic　latitudes　of more　than　±60°．　In mid-latitudes,　the

area　other　than　those mentioned　above, the　scintillation　activity

has　been known　to be　less　intense.　In　ａ１１　sectors, there　　Is　ａ

pronounced nighttime maximum。

　　　　　In　the　equatorial　region,　the　range　type　spread-F on

ionogram ’ｉＳwell　correlated with　the　scintillation　activity.　This

fact　　confirms　that　scintillation　is　produced　by　the　electron

density　Irregularities　formed　at　the　F-reglon　height.　　The

equatorial　scintillation and/or　spread-F　start　to occur　after　the

sunset.　　and　the　peak　occurrences　of　them　appear　In　　the

premidnight　hours.　The　activity　In　the　postmldnlght　hours　are

weaker　than　that　in　the　premldnlght　hours.　　Recent　　radar

observations and theories　have　　revealed　　that　　nighttime

ionospheric　irregularities　　in　the　equatorial　　region　emerging

after　the　sunset　start　to　develop　from　the　bottomslde　of　the　Ｆ－

region　probably　through　the　Raylelgh-Taylor　plasma　instability

mechanism［Basu　and Kelley, 1979].　The　plume-like　irregularities

developing　from　secondary plasma　Instabilities　associated　with

the　depleted　density　region, called plasma bubble, rise　Into　the
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region　above　the　peak of　the　Ｆ２　layer.　　steep　gradients　on　the

edges　of　the　bubble　help　to　generate　the　plume-like・small　scale

irregularities which produce　scintillations。

　　　　　The　　other　　pronounced　　feature　　for　　ｔｈｅ犬　　　equatorial

scintillation　is　that　the　annual　occurrence　shows　ａ　clear

longitudinal　dependence [Aarons　et　al., 1980].　工ｎ　the　American

and　Atlantic　zones, the maximum occurrence appears　in winter　or

spring　(November-April)　１ｎ　the　northern　hemisphere　and　the

minimum　in　summer (May-　July) while, in　the Pacific　zone,　　the

maximum occurs　in summer　and the minimum　in winter. Scintillation

occurrence　shows　ａ positive　correlation with　solar　activity.　　The

correlation　　between　geomagnetic　activity　and　　scintillation

activity　　shoＶＪＳ　ａ　ｓomewhat　complex　feature;　　Increased　magnetic

activity　　inhibits　scintillation　activity before midnight　except

during　those months with very　low　scintillation activity.　　After

midnight,　scintillation　activity　generally　Increases　　slightly

with　the　presence　of magnetic　storms［Aarons, 1982]。

　　　　　Mid-latitude　scintillation　activity　is　not　so　intense　as

that　　in　the　equatorial　and　high-latitude　regions. Therefore,

attention　has　not　been　paid　so　much　to　the　　mid-latitude

scintillations,　尽ｎｄ　thus　both　the　morphology　and　mechanism　of

them　remain unsolved. A　difficulty　In　describing　the　mld-latltude

scintillation　activity　stems　from　that what　takes　place　at　mid-

latitudes　may be　an　extension of phenomena at　equatorial　and/or

auroral　　latitudes. In fact, the　scintillations　observed　around
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Japan　have　features　somewhat　similar　to　those　appearing　in　the

equatorial　　regions　　［Kumagal,　19861.　For　　example,　　annual

scintillation　occurrence　pattern　and　the　geomagnetic　activity

dependence　　in　the mid-latitude　regions　are　almost　similar　to

those　　In　the　equatorial　regions.　Ａ　correlation　between　the

scintillation　occurrence　and　the　spread-F　also　has　been　pointed

out　In　the mid-latitude　regions [Slnno　and Kan, 1980].　At　higher

mid-latitude,　invasion　of　the　auroral　region　toward　the　mid-

latitude was　observed　depending on　solar　activity and　geomagnetic

activity［Aarons, 1982]。

　　　　　Apart　from　the　effects　spreading from　the　equatorial　and

auroral　regions, localized mid-latitude　plasma　Instabilities　can

generate　scintillations. Possible　instabilities　are　the　gradient

drift　Instability［Costa　and　Kelley, 1978:　Basu　et　al., 1981］and

the　so-called　Perkins　Instability［Perkins, 1973;　Behnke,　1979] .

Temporal　fluctuations　of　the　neutral　atmosphere　such　as　medium-

scale　gravity　waves　may　be　another　cause　of　　mid-latitude

irregularities［Kersley　et　al.. 1980]。

　　　　　Another　　factor　being　considered　in　　the　　mid-latitude

scintillation　morphology　is　the　effect　of　sporadlc-E,　which

produces　scintillation［Das　Gupta　and　Kersley, 1976;　　Sinno　and

Kan.　1980] .　The　behavior of　sporadlc-E　is　completely　different

from　the　morphology of F-region　irregularities.　Sporadic-E　at

mid-latitude　　shows　ａ　high occurrence　during　daytime,　which

results　in　ａ　second maximum of　dally　scintillation　occurrence.
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　　　　　High-latitude　scintillations　appear　in　the　auroral　and polar

cap　regions.　　Energetic　electron　precipitations　and　current

systems　　can　be　dominant　factors　in　producing　the　　Ionospheric

Irregularities　in　these　regions［Aarons,　1982] .　The　　seasonal

variation　of　auroral　zone　scintillation　１Ｓ　not　clear.　　It　was

reported　that　the　low-latitude　boundary of　auroral　scintillations

can　be　　extended　equatorward　under　geomagnetlcally　disturbed

conditions［Rino　and Matthews, 1980].

1.2. APPLICATIONS　OF　SCINTILLATION　STUDY

　　　　　Results　of　ionospheric　scintillation　study have　been　applied

to　the　　fields　covering both　science　and　engineering.　In　this

section, after　three　applications　of　the　scintillation　study are

outlined, the　objectives　of　the　present　study are　described。

　　　　　First,scintillation observation makes　possible　to　study　the

dynamics　　of　ionospheric　irregu:Larities. Experimental　techniques

for　studying the　ionospheric　irregularities　can be　grouped　into

two　categories：　remote　sensing technique　and　In-sltu　technique・

Among　ａ　variety　of　remote　sensing techniques, the　scintillation

measurement　requires　relative:Ly　simple　and　cheap　Instrument.

since　　the　　radiowave　coming　through　the　　ionosphere　contains

information　of　irregularities　at　various　heights, many parameters

of　the　irregularities　such as　Intensity　of　density　fluctuations,
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scale　　size, and movement　of　the　Irregularities　can　be　obtained

through　the　analysis　of　received　radiowave.　Irregularity　scale

sizes　mostly　effective　to　create　scintillation　are　around　the

sizes　of　the　first　Fresnel　zone, which　vary　depending on　the

radlowave　frequency　and　the　height　of　Irregularities.　　Typical

values　of　them　are　about　ｌ　km at　１３６MHz　and　２００ｍ at　４　GHz　for

the　F-region　irregularities. These　values　are　larger　than　the

scale　　sizes　being　explored by　Incoherent　scatter　radar　and

ionosonde　observations。

　　　　　Second　application　of　the　scintillation　study　Is　to　evaluate

the　Ionospheric　effects　on　sate:Lllte-earth　radlowave　propagation.

［Whitney　and Basu, 19771. It　has　been　reported　that　during　severe

scintillation　the　satellite　operation of　GMS-2　(Geostationary

Meteorological　Satellite-2) using ａ　１．７　GHz　linkwas　considerably

disturbed fUeda　et　al.. 1983]. Scintillation　data obtained　during

this　　event　can　give　information　necessary　to　design　　the

communication　link. It　is　known　that　the　probability　distribution

of　amplitude　scintillation　shows　ａ　good　agreement　with　the

Nakagami-m　distribution.　　Ａ Raylelgh　distribution　appears　to

describe　the　severest　scintillations［Reddi　et　al., 1980].　These

results　make　it　possible　to　estimate　the　fading margin　for　earth-

satellite　communication　links。

　　　　Radio　frequency　dependence　of　the　scintillation　Intensity　Is

also　an　Important　ｍｅａｓure　to　estimate　the　ｅｆｆｅcts　on　earth-

satellite　links [e.g.. Fujita　et　ａ１・.19821. Measurement　of　the
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spectral　　Index (n) of　scintillation　Intensity (工（ｆ））　indicates

that　for weak and moderate　scintillations　I(f)a： ｆ
－ｎ

(ｆ　Is　radio

frequency) where n=l-2, while ｎ～0 (strong scattering limit)　for

intense　　scintillations［Whitney　and Basu, 1977]. Apart　from　the

satellite　　communications　described　above highly　　accurate

measurements　of　amplitude,　phase　and　angle　of　arrival　　０ｆ

satellite　　radiowaves　　are　required　for　　the　　purposes　　of

navigation,　geodesy, and　remote　sensing of　the　sea　surface.　In

these　cases,　the　correction　of　the　　Ionospheric　effects　　is

Indispensab:Le.　Hereafter, it will　become　more　and more　important

to　evaluate　the　ionospheric　effects　on　radlowave　propagations。

　　　　　Third　application of　the　scintillation　data　１Ｓ　to　test　　the

existing　radiowave　propagation　theories　in　random media　and　to

construct　ａ more　complete　theory.　Ionospheric　scintillation　was

first　studied　theoretically　In　terms　of　ａ　thin　phase-screen

theory [Salpeter, 1967;　Cronyn, 1970],　The　advance　in　the　study

of wave　propagation　in　random media　has　helped　to　develop　ａ　more

refined　theory.　　For weak　scintillation, a weak　scatter　theory　１Ｓ

quite　　well　established　and　experimental　　verifications　　of

theoretical　predictions　have　been　demonstrated　in many　instances

[ Barabanenkov　et　ａ１・. 1971]. For　strong　scintillation,　although

the　theory　of　strong　scattering　ｉｎＣ:Ludlng　multiple　　scattering

effects　has　made　much progress　in　recent　years.　there　still

remains　　quite　ａ　few unresolved problems.　One　objective　of　this

thesis　　is　　to　clarify how　the　present　theory　can　interpret　　the
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observational　results　of　strong　scintillations.　Through　the

efforts　made　In　this　application, much better　understanding　of

other　two　applications　mentioned　above will　be　obtained。

　　　　　The　former　half　of　the　present　study　dealswith　the　first

application　item,　namely, the　behavior　and　characteristics　of

mld-latltude　　Ionospheric　　irregularities. The　results　obtained

there　are　useful　to understand　the　Irregularity　physics.　　The

latter　half　is　devoted mainly　to　the　application of　third　kind.

The　　strong　scattering　theory of　radlowave　in　random　media　is

applied　to　the　present　scintillation observation.　　Using　this

theory　it　　is　possible　to　Interpret　various　results　observed

during　the　strong　scintillation　eventｓ， 　ｗhich　have　not　been

explained by　the　conventional　theories.　In　addition, through　the

comparison　between　the　theory and observation, a　more　complete

model　of　the　scintillation　and/or　ionospheric　Irregularities　　１Ｓ

suggested.

1.3. SCINT工LLATION THEORIES

1.3.1. Introduction　to　scintillation　theory

　　　　　Let　us　start　the　theoretical　approach　to　the　ionospheric

scintillation　mechanism　by　setting up　the　geometry　shown　　in

Figure　１．２　【Yeh and Liu, 19821. A　region　of　random　Irregular

９



TO TRANSMITTER AT-00

　　　　　　　↑

○

言多こ返ﾆ

RECEIVER AT (0.0,z)

Fig.　　1.2.　　Geometryof ionospheric　scintillation　problem　(after

Yeh and Liu, 1982).
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electron　density　structures　Is　located　from　ｚ＝Ｏ　to　ｚ＝Ｌ．Ａ　time-

harmonic　electromagnetic　wave　is　incident　in　the　irregular　slab

at　　ｚ＝Ｏ　and　Is　received on　the　ground. The　irregularity　slab　can

be　characterized by　the　electric　permittivity as

ε＝〈ε＞｛１十ei (r, t) )
(1.1)

where　ｒ　　　denotes　the　three-dimensional　position,　＜ｓ＞　　　the

average　dielectric･　permittivity　for　the　background　ionosphere

which　Is　given by

＜Ｓ＞＝（１－ｆ２，０／ｆ２）ε０ (1.2)

and e 1 (r.t ) the　fluctuating part　characterizing　random variations

caused by　the　Irregularities　which　is　written as

S･1’

（ｈｏ／ｆ）２△ｎ（ｒ，ｔ）／ｎｏ

１－（Ｄｏ／ｆ）２

(1.3)

Ｈｅｒｅ’ｆｐｏ　Is　theplasma　frequency　corresponding　to　the　background

electron　density ｎｏ　and ｆ　is　the　frequency　of　the　　incident

radlowave.　The temporal variation of ＥＩ（　r.t).i.e. ,　△ｎ（　r.t).

１ｓ　assumed　to be much　slower　than　the　period　of　the　radiowave。

　　　　　As　thewave propagates　through　the　irregularity　slab, to　the

first　　order,　only　the　phase　Is　affected　by　　the　　random

fluctuations　in　the　refractive　indeχ. Therefore, after　the　wave

has　　emerged　from the　random　slab. Its　phase　front　　is　randomly
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modulated As　this　wave　propagates　toward　the　ground,　the

distorted　wave　front　begins　to　set　up　an　Interference　pattern

resulting　in　amplitude　fluctuations. This　diffraction　process

varies with　the　size　and　strength　distributions　　of　　the

irregularities.　　Ａ　simple　geometric　computation　Indicates　that

the　major　contribution　to　amplitude　scintillations　on　the　ground

comes　from　the irregularities of　sizes　of　the　order　of ｄＦ°VUz"二

-
Ｌ／２）（λ　１ｓ　the　wavelength　of　radiowave),the　size　of　the　first

Fresnel　zone　[Briggs,　1975] .　This　simple　picture　describes

qualitatively　the　amplitude　scintillation phenomenon when　phase

deviation　Is　small,　I.e.. lell≪l-　In　this　case,　wave　front

remains　　to　be　somewhat　coherent　even　after　crossing　　the

Irregularities　which　act　to　focus　or　defocus　the　rays 。

　　　　However,　when　the　irregularities　are　strong,　i.e.。when

ｓｌ（　r.t)　１ｓ　relatively　large, the　phase　deviation　across　the

irregularities　may　become　ｓ０　large　that　the　phase　front　is　no

longer　coherent. These　Irregularities　cannot　focus　or　defocus　the

rays.　　Consequently, the　scenario ０ｆ　the　amplitude　scintillation

mentioned　above　　１Ｓ　ｎ０　longer　valid　and　the　saturation　of

scintillation　amplitude　　１Ｓ　expected. At　　this　stage,　multiple

scattering of　radiowave　may　take　place　in　the　slab［Vats,　1981] .

Another　case　for which weak　scattering　is　not　valid happens　when

the　　irregularity　slab　１Ｓ　thick.　In　this　case,　the　amplitude

fluctuations may　develop　even　inside　the　slab,　and when　the　wave

emerges　　from　the　slab　　It　suffers　both　phase　and　amplitude

１２



fluctuations。

　　　　　The　starting　equation　to　analyze　these　phenomena　Is　the　wave

equation　of　electrodynamics.　０ｎ　the　assumptions　that

（１）　temporal　variations　of　the　Irregularities　are　much　slower

than　the wave　period, and

（２）　characteristic　size　of　the　Irregularities　is　much　greater

than　the wavelength,

the　following　scalar wave　equation　is　valid　for　describing　the

electric　field　inside　the　irregularity　slab [Yeh and Liu, 1982].

∇２Ｅ十k2 {1十ei (r) } E= 0 ＯくＺ＜Ｌ (1.4)

where　Ｅ　is　ａ　component　of　the　electric　field　vector　and

ｋ２°ｋｏ２（ｓ）　（ｋｏ　is　ｔｈｅ‘｀゛avenumber　in　free　space). Equation　（１°４）

１ｓ　ａ partial　differential　equation with　random coefficient,　the

solution　of　which　will　form the　basis　of　the　scintillation

theory.　　Unfortunately,　１ｔ　　Is　impossible　to　get　the　general

solution of (1.4). One　has　to　seek various　approximate　solutions

for　different　applications. To　discuss　these　solutions, we　first

treat　the　case　of　normal　　incidence.　　It　is　convenient　to

Introduce　the　complex　amplitude　of　the　wave　field, u(r)

E = u (r) exp (-jkz) (1.5)

On　the　assumption (2), Equation (1.4) then yields　an　equation　for

the　complex amplitude

１３



－2 j k

∂Ｕ

十又ｊ２ｕ＝－ｋ２ε１（ｒ）ｕ

１４

Ｏ＜Ｚ＜Ｌ

Ｚ＞Ｌ

(1.6)

(1.7)

　　　　　　　　　9z

　　　　　　　　　∂２　　　∂２
where∇ａ２＝一十一is the transverse Laplacian operator. Below
　　　　　　　　ａχ２　∂ｙ２
the　irregularity　slab, the　complex　amplitude　satisfies

　　　　　∂Ｕ

－２ ｊｋ 一十∇ｊｕ°０

　　　　　∂ｚ

The　initial condition for (1.7) is　given by　the　solution　of (1.6)

evaluated　at　z =L.　　Therefore, (1.6) and (1.7)　are　the　basic

equations　by　which　the　ionospheric　scintillation　theories　are

described。

　　　　　In　　the　following　of　the　present　section,　two　　ｗｅ１:Ｌ－

established　scintillation　theories　are　introduced.　　First,　the

thin　phase-screen　theory　１Ｓ　outlined［Salpeter,　1967;　　Cronyn,

1970] .　Scintillation power　spectra based on　this　　theory　is

described.　　Next, the weak　scintillation　theory using　the　Rytov

approximation　１Ｓ　outlined and　the　frequency　dependence　of　the

scintillation　strength　Is　presented［Wernlk and Liu, 1974;　Crane,

1977:　Yeh　and Liu, 1982]. These　two　theories　help　us　to　Interpret

ａ　pretty　large　part　of　scintillation　observation　results　which

will　be　described　in　the　following　chapters.　　However,　some

peculiar　features　observed for　intense　scintillations　cannot　be

explained　by　these　theories　[Kumagai　and　Ogawa,　1986].　八ｎ

explanation　of　these　features will　be　given　in Chapter　４　by using

the　parabolic　equation method, in which　the　effects　of　multiple



scattering are　taken　into　account [Kumagai, 1987】．

1.3.2. Phase　screen　theory

　　　　　The　phase　screen　theory　is based　on　the　idea　that　the　phase

fluctuation　Is　caused by　ａ　thin phase-changing　screen　［Salpeter,

1967;　Cronyn, 1970]. The　radlowave　is　assumed　to　suffer　the　phase

fluctuation　only when　It　passes　through　the　screen.　　The　phase

fluctuation　is　converted　into　amplitude　scintillation as　the　wave

propagates　　toward　　the　observer　after　emerging　　from　　the

irregularity　screen.　　The　geometries　of　the　screen　and　　radio

propagation　path　are　shown　in Figure　1.3. From　this　theory,　ａ

relation　between　the　Irregularity wavenumber　spectrum　In　the

screen and　the　scintillation　spectrum at　the　observer　is　derived

as　follows。

　　　　　Consider　that　n(r) is　the　electron　density　fluctuation　at　ａ

point　ｒ　In　the　screen.　An auto-correlation　function　of　n(c)　１ｓ

given as

　　　　　B(r) =〈　n(r)　n(r+r') >　　　　　　　　　　　　　　　　　　　　　　　　(1.8)

B(r)　and　　O(k). the　three-dimensional　wavenumber　spectrum　of

△n(r), make　ａ Fourier　transform pair

B (r) =//なD ( k ) exp ( j k r ) d ' k

Φ(k) = (2π) -3/ / / B (r) exp (-j kr) d^r

１５

(1.9)

(1.10)



TO　SOURCE

IRREGULARmES

→
　　　　Ｖ

PHASE　SCREEN

　(Ｘ･ＹPLANE)

Fig.　　1.3.　Geometry　of　the phase　screen.　　Observer's　plane　and

phase　　screen　are　transverse　to　ray　trajectory　(after　Cronyn,

1970) .
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In　some　applications, only one-dimensional wavenumber　spectrum　Is

considered. Then　its wavenumber　spectrum　１Ｓ　givenas

　　　　　　　　　　　　　　　　　　　　　４）U (kx. y, z) = (2;r) -'; B (r) exp (-j kxx) d X

　　　　　　　　　　　　　　　　　　　　-●９
(1.11)

　　　　Two-dimensional　power　spectrum of　the　phase　fluctuation　of

radlowave　　inflicted by　the　density　fluctuation　in　the　screen　１Ｓ

given　as　［Tatarskil, 1961］

△φ(kx. kv) = 2 ;r L (r。λ）２Φ(kx, kv, 0)

　　　　　　　　ｅ２

where,　ｒｅ°

(1.12)

４πＳＯｍＣ２

radius,　　wavelength,

λ, and Ｌ　are　the　classical　electron

and the　thickness　　of　　the　　screen.

respectively.　　　Since　Ｌ　is　assumed　to be　very　small, z　component

of k, k , is　regarded as　ｏ　and　then　two-dimensional　treatment　　Is

allowed.

　　　　　Suppose　that　the　two-dimensional　screen　Is moving　past　ａ

stationary observer with ａ　steady velocity ｖ　in　the　x-dlrectlon.

Then, the　resultant　temporal　spectrum of　the　radlowave　phase,

　△φｔ（μ). is　obtained by Integrating　△φ(k ,k )　over　ｋｙ　and

substituting　ａ　relation　between ｋｘ　and　ａ　temporal　Fourier

component (frequency)　″’　ｋχ゜２″ ″/V, as　follows：

　　　　　　　　　　　　　　　　２π　　　　　△φt(v) = /"aφ（２πv/V, k｡) d ku
　　　　　　　　　　　　　　　　Ｖ

＝（２πΓ。λ）２ Ｌ／Ｖひ（２πv/V, ky, 0) d kv (1.13)
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If　the　　three-dimensional　wavenumber　spectrum,Φ(k).　obeys　an

ellipsoidal　power-law　spectrum with　index ｐ which　is　given as

<D (k) cc (1 +a k.2十βku2+r ｋｚ2）’゛2 (1. 14)

then.　the　one-dlmenslonal　spectrum becomes Ｕ（ｋχ,y.z)oc　ｋχｐ‾２

Substituting (1.14) into (1.13), it　is　easy　to　ｓｈｏｗ･

△φt (v) oc {1十（2πa v/＼) 2 } -‘゜-i)''2 (1.15)

Thus　the　　Index　of　asymptotic　frequency power　spectrum　of　the

phase　fluctuation　becomes　ｐ－１　which　is　smaller　by　ｌ　than　the

index　of　the　three-dimensional　power　spectrum　of　the　density

fluctuation。

　　　　　In　scintillation observations, the　　intensity　fluctuations

which　arise　from　the　phase　fluctuations　are　usually observed.　　Ａ

simple relationship between the phase spectrum △φ（ｋｘ’ｋｙ）ａｎｄ　the

intensity power　ｓｐｅｃｔｒｕｍＰ（ｋｘ’ｋｙ）　is　derivedunder　ａ weak-scatter

condition (△φく＜１）　as　［Salpeter, 1967],

P (kx, ky) =△φ(kx, ky) F (kx, ky) (1. 16)

where.　Ｆ（ｋｘ’ｋｙ）　１１１　called　theFresnel filtering factor　and　is

defined　as

F (kx, ky) =4 sin^ （kj ／kf2）

バ
4 (kf ／ｋr2）

2

ｋ４．＜ｋｆ

ｋふ　＞ｋｆ

(1.17)
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Where　ｋｆ １ｓ　the　"Fresnel wave　number'≒　ｋｆ２’４π／λZ , Ki -　ｋｘ２　　゛

ｋｙ“’　　and　ｚ　Is　the　distance　to　the　screen. Ｆ（ｋｘ’ｋｙ）　behaves

differently　In two　wavenumber ranges.　For　kj.>k , I.e. .　the

irregularity ’scale　is　smaller　than　the　Fresnel　size,　the　phase

fluctuation　△φ(k ,k )　１ｓ　directly　transformed　Into　the　ａｍｐ:Lltude

fluctuation　P(k ,k )゜　On　the　other　hand, for　ｋ．｀＜ｋｆ’　　i.e.・　the

irregularity　scale　１Ｓ　larger　than　the　Fresnel　size, the　ａｍｐ:Lltude

fluctuation　does　not　reflect　the　phase　fluctuation　and　is　greatly

attenuated with　decrease　in　ｋ』．．

　　　　　The　temporal　spectrum of　the　amplitude　scintl:nation　under　ａ

weak-scatter　condition　Is　given by, similar　to (1.13),

Ｐ ｔ･(u) =

ご

jl）（2πzﾉ／Ｖ，ｋ９）ｄ ku

　Ｖ

　　　　　　　　　　　　　　　　　　CO＝（２πΓｅλ）２（Ｌ／Ｖ）∫△φ（ｋ。. ku) F (k。, ky) d ky　(1.18)

　　　　　　　　　　　　　　　　　４ｔ

Ａ　qualitative　explanation　of　this　temporal　spectrum　is　as

follows：　　１ｎ　the frequency　range　″＞ソｆ（゜Vk /2π) , the spectrum

Ｐｔ（ソ）　reflects　the　phase　fluctuation　spectrum △φｔ（ｋｘ’ｋｙ）’１°ｅ¨

the　ｗａvenumber　spectrum of　the　irregularities　Φ(k).　When　the

wavenumber　spectrum of　the　Irregularities　obeys　ａ power-law whose

index　is　p, the　index　of　the ｆｒequency　spectrum becomes　p-1.　１ｎ

the　　frequency　range　of　　ｐ＜μ,, however, the　frequency　spectrum

does　not　reflect　the wavenuraber　spectrum. The　steep　decrease　　in

Ｐ（ｋよ）　１ｎ　the　vicinity of ｋよ＝　0 (see (1.16)) does　not　appear　　in

Ｐｔ（ジ）　１ｎ　the　vicinity　of　μ＝Ｏ　due　to　the　Integration ｂｙｋｙ

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　１９



1.3.3. Weak　scintillation　theory　－　Rytov　solution

　　　　　When　wave　amplitude　fluctuation　due　to　the　scattering

develops　　even　inside　the　Irregularity　slab, one　has　to　go　back

to (1.6) and (1.7) to　treat　the　scintillation phenomena. Let　us

write　the　field ｕ（ρ　,z)In the　form

ｕ（ρ、ｚ）≡Ａｏｅｘｐ｛Ψ（ρ、ｚ）｝≡Aoexp{X(ρ、2)-J Sl(i3、ｚ）｝ (1.19)

where　　P =(x,y)　Is　the　transverse　coordinate　and　　ｘ（ρ，ｚ）　１ｓ

referred。to　as　the　log-amplitude and　Ｓ１（１），ｚ）　as　the　phase

deviation　of the wave. The　substitution　of　(1.19)　Into　(1.6)

makes

　　　-2 j k 十でΨ十（刄Ψ）２＝－ｋ２ε１（ｒ）　　　　　　　　　　　　(1.20)

　　　　　　　　∂Ｚ

On　・the　assumption of weak　scintillation for　which　the　higher

order　term　（　ｉ７１Ｗ　）２　in(1.20) can be　neglected, we　obtain　the

following　equation　giving the　Rytov　solution　［Barabanenkov　et

al., 1971］

-2 j k

∂

∂

憲

一

Ｚ

十で＼ = -k2e 1 (j:) (1.21)

The　Rytov　solution　may be　applied　even　to　moderately　strong

ionospheric　　scintillations［Crane, 1976] .　The　general　　solution

of (1.21) can be　obtained ａＳ［Yeh and Liu, 1982］
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Ψ（ρ、Ｚ）＝

J k

-

２πＺ

J゛

ｋ２　　ｚ　d C

十一５

　４π　　０
‾　ｊ∫e I (p≒　ぐ）

Ｚ－ぐ　‘゛

・exp {- j k ＼p -ρコ２／２（ｚ－ぐ’）｝ｄ２ρ (1.22)

where　　To (p) (=lnu(p, 0)) represents　the　incident　wave.　　The

field　， emerging from　the　bottomside　of　the　slab　１Ｓ　given　by　exp

　　［Ψ（ρ，Ｌ）］．　The　fieldpattern　on　the　ground　can be　obtained　by

solving　(1.7)　with　an　initial　condition, u{p ,L) =　　exp　【　Ψ（

ρ，Ｌ）］．　The　Rytov　solution　for (1.7) is

　　　　　　　　　　　　　　　　　Jk
Ψ（ρ, z) = ∫J｀Ψ（ρ■. L)

　２π（Ｚ－Ｌ）

・exp {- j k I p -ρ゜１２／２（ｚ－Ｌ）｝ｄ２ρ (1.23)

where ｌ｀（ｐ≒Ｌ）１ｓ　obtained　from(1.22).　Equation (1.23) gives　the

formal　solution　for　the　Ionospheric　scintillation problem　under

the　　Rytov　approximation.　It　can be　used　to　derive　various

statistical　parameters　for　the wave　field.　For　Instance,　the

mean-square　fluctuation of ｘ（ρ，ｚ･）ｏｎ　the　groundare　given　by

［Wernlk and Liu, 1974］

＜χ２＞２２π２ｒ。２λ２ Ｌ Ｊ゛Ｊ゛ｃ°［１

･ COS

　K'

-

-

　２ｋ

-

k/L

sin (

k/L
-）

２ｋ

（ｚ－Ｌ／２）］Φ（ｋ．．，０）ｄ２ｋ
ふ

２１

(1.24)



　　　　　Using　(1.24),the　index of　scintillation　intensity　and　its

frequency　dependence are　derived. The　scintillation index, S , is

defined　as　the　normalized variance　of　signal　intensity　［Bischoff

and Chytil, 1969］

　　　　　　　　　　〈１２＞－＜Ｉ＞２
Ｓ４２＝

＜Ｉ＞２

where　ｌ　is　the　signal intensity.　Ｓ４

(1.25)

１ｓ　one　of　the　most　important

parameters　　to　describe　the　scintillation　intensity When

fluctuations　of　the　field are　small, an　approximate　expression of

Ｓ４２　becomes［Rino　and Fremouv゛, 1973］

Ｓ４２～４＜Ｘ２＞
(1.26)

Next,　the　frequency　dependence　of　the　scintillation　index　is

derived　as　follows　［Yeh　and Liu. 1982].　〈χ２＞　in　(1.24)　１ｓ

roughly　determined by　the　product　of　the　two　terms　on　the　right

hand　side　of (1.24), the　filter　function　in　the　square　brackets

and　the　　density　fluctuation　spectrum.　Although　the　　filter

function　oscillates with ｋふ・its　first　peak　is most　effective to

determine　＜Ｘ２＞　because　the　density fluctuation　spectrum　is,　In

general, of　ａ power-law type, which　decays　as　ｋ』I increases.　This

means　that　the　irregularities　with　sizes　around　the　first　Fresnel

zone　　is　most　effective　for　the　scintillation;　the　first　peak　of

the　filter　function　corresponds　to　this　size. Therefore, it　may

be　concluded　that　the　filter　function has　no　frequency　dependence

２２



as　far　as　the　scintillation　caused by　the　irregularities　having

scale　sizes　around　the　first　Fresnel　zone　is　taken　into　account.

Consequently, for　the　irregularity power　spectrum of

It　is　possible　to　showfrom (1.24) that

Ｓ４ cc　λ（２゛Ｐ）“１　cc ｆ -(2+p)^4

Φ(t. 0)～ｋ？，

(1.27)

Namely, if p=4, which　is　the　most　possible　value　obtained　by　In-

situ　observations［Dyson　et　al., 1974], the　frequency　dependence

obeys　ｆ
-1.5
．　　Such　dependences　have　been　observed　in　　many

experiments　for　which　the　scintillation　Indices　are　not　very high

[Crane, 1977;　Fujita　et　ａ１・,19821.

1.4. RECENT OBSERVATIONAL RESULTS　OF ＭＩＤ－ＬＡＴ工TUDE　SCINTILLATION

　　　　　Inmid-latitudes, the　Ionospheric　scintillation activity has

been　known　to be　less　Intense　than　those　in　equatorial　and　high-

latitude　regions. Therefore, attention has　not　been paid　so　much

to　　mid-latitude　scintillations.　　Thus,　the　morphology　　and

mechanism　　of　　them　remain　unsolved.　　Since　　the　　Japanese

experimental　test　satellite　ＥＴＳ－２（ＫＩＫＵ-２）ｗａｓ　launched　In　1977,

intensive　studies　of　ionospheric　scintillations　started　in　the

mid-latitude　and　equatorial　anomaly　regions,　mainly　　In　Asia.

Among　them, a　group　In　the　Radio Research Laboratory, Japan, has

made　　ａ　great　contribution　to　the　study　of　the　mid-latitude
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scintillations　and　Ionospheric　Irregularities.　In　this　section

some　results　of　these　studies　are　reviewed.

1.4.1. Observations　of VHF　scintillation and Faraday　rotation

　　　　　Soon　after　the　start　of　the　scintillation　and　Faraday

rotation　observations　of　１３６ MHz　beacon　radiowave　emitted　from

ETS-2,　ａ　close　association between　the　scintillations　and　the

fluctuations　of Faraday　rotation was　found as　shown　in Figure　１．４

[Sinno　and Kan, 1978]. These　phenomena were　also　associated　with

spread-F.　Similar　fluctuations　were　also　observed　at　Areclbo

【Basu　　et　　al. ,　1981] .　　statistical　features　of　　the　　VHF

scintillations　observed　In　Japan were　summarized by　Slnno　and Kan

［1980］　as　ｆ０１１０ｗＳ：　(1)Ionospheric　scintillations　with　long

duration　occurred　most　frequently　in　the　summer　nighttime　and

those　with　short　duration occurred　in　the　summer　daytime.　　（２）

Scintillations　　in　nighttime　are　closely　associated　with　the

occurrences　of Faraday　rotation　fluctuation and also with　spread-

Ｆ，　and　those　in　daytime　are　associated with　the　occurrences　of

sporadlc-E　in　the　ionograms ．　These　results　are　shown　in　Figure

1.5.　in　which ・　the　daily variations　of　three　quantities　are

depicted　in　the　highest　and　:Lowest　active　months, i.e., June　and

December ,　respectively.　　Almost　similar　　daily　and　　seasonal

variations　　in　scintillation occurrence were　observed on　the　１．５

GHz　earth-satellite　path between　the MARISAT　satellite　over　the
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Indian　Ocean　and Yamaguchl ， Japan【Karasawa　et　ａ１ ・，1985] .　（３）

Typical　dimensions　of　the　ionospheric　irregularities　obtained　by

the　Faraday　rotation measurement　are　estimated　to　be　about　１０　km

in　the　horizontal　plane　and　２　km　In　the　vertical　plane　　in　the

sporadic-E　layer,　and about　２００　kmalong the　field　lines　and

３０　km perpendicular　to　them　in　the　F-region. (4) Fluctuations　of

the　　electron　　density　accompanying　with　　severe　　nighttime

scintillations　are　expected　to be　as　large　as　ａ　few　tens　of

percent　of　the　background　density。

　　　　　Peculiar　situation　for　the　ETS-2　experiment　around Japan　１Ｓ

that　the　radio　path　from ETS-2　　１ｓ　almost　parallel　to　the

geomagnetic　field　lines. For　such　situation, it　１Ｓ　pointed　out

that　the　scintillation　intensity　１Ｓ more　enhanced　as　compared

with　cases　of　off-parallel, because　irregularities　are　generally

extended　along　the　field　lines［Briggs　and Parkin, 1963;　Crain　et

al. ,　1979] .　　Sinno　and Mlnakoshi［1983］　have　certified　this

effect　by　using multi-station　receptions　of　the　ETS-2　beacon・

The　enhancement　factor　observed Is　consistent with　that　expected

from　the weak　scatter　theory　for　daytime　scintillations,　while

for　the　nighttime　scintillations more　marked　enhancement　due　　to

the　strong refractive　scattering was　obtained.

1.4.2.　Mid-latitude　scintillations　related　to　geomagnetic

　　　・　　　　activity

Effects of　　ｇｅomagnetlc　　activity　　　on　　　mid-latitude
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scintillations　have　been　Investigated　using　ETS-2　【Kumagal,

1986] .　　statistics　of nearly one-year　data (from April　1982　to

February　1983) reveal　that (1) geomagnetic　activity　dependence　of

the　scintillation　around　Japan has　properties　similar　to　those　of

the　equatorial　scintillation ；　１．e. , the　occurrence　tends　　to　be

suppressed　with　the　increase　in　geomagnetic　activity　in　summer

(the　　season of high　scintillation　activity), especially　in　the

premidnlght　hours,　and　(2) there　is　ａ　negative　correlation

between Ｋ　index and　the　scintillation occurrence　in　the　range　of　　　　　　　　　ｐ

Ｏ　< K < 4, while　the　correlation becomes　positive　in　the　range

of　Ｋｐ≧5, so　that we may have　two　peaks　of　the　occurrence　at Ｋｐ

゛１　０ｒ　2,and Ｋｐ≧８゛　These　situations　appear　In　Figure　1.6.　　The

former　peak　depends　obviously　on　the　season, whereas　the　　latter

does　　slightly.　　These　results will　give　an　Indication　that　the

scintillation　tends　to　occur　more　frequently　during severe

geomagnetic　storms　In any　season。

　　　　　Oyama　et　ａ１．［1984］studied　the　scintillations　by usine　the

radio　signals　from an　equator-orbiting　satellite,　and　reported

the　statistical　results　showing that　the　occurrence　rate　and　the

spatial　extent　of　the　scintillation　increased　rapidly ｗｈｅｎＫｐ　was

larger　than　6. Although　these　results　were　concerned　with　the

scintillation　observed　In　the　region　between　ｏ　　and　　２０　Ｎ

geomagnetic　latitudes,　they　seem consistent　with　the　results

described　above.
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Fig.　　1.6.　　The　occurrence　number (histogram) and　rate　(open

circle　and　solid line) of　the　scintillation aeainst　Kp　Index°（ａ）

Plots　are　made　for　each　season　only in the case of Ｓ４≧0.2.　（ｂ）

The　totaled　occurrence　number　and　the　averaged　rate　throughout

the　year　are　plotted.　　The　results　are　shown　in　the　two　cases　of

Ｓ４　≧０．２　and　Ｓ４≧0.4.　　Empty (shaded) portion of　the　histogram

indicates　Ｓ４　≧･　0.2 (S4 > 0.4),　respectively　(after　Kumagal ，

1986) .
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1.4.3. Severe　scintillations　ｄｕｒ‘ing geomagnetic　storms

　　　　　Severe　nighttime　scintillations　of VHF　and　GHz　waves　(136

MHz,　1.7,　４，　and　11.5　GHz) emitted　from　the　three　Japanese

geostationary　satellites　were　observed　during ａ　geomagnetic　storm

on　February　15, 1978［Ogawa et al., 1980].　　The　scintillation

records　at　these　four　frequencies were　shown　In　Figure　　1.7.

together with　the　relative　total　electron　ｃｏｎｔｅｎｔ（ＴＥＣ）　obtained

from　Faraday　rotation measurement　of　the　１３６ MHz　radlowave　from

ETS-2.　The　maximum　scintillation amplitude was　２０　dB　p-p(peak　to

peak)　at　１３６ MHz, 14　dB p-p　at　１．７　GHz,7　dB p-p　at　４　GHz,　and

０．８　dB　p-p　at　11.5　GHz. The　GHz wave　scintillations were　strongly

enhanced　when　irregular　fluctuation　of TEC was　varying　sharply

with　time, which may　Indicate　that　the　small　scale　irregularities

producing　the　scintillations　above　１　GHz　are　formed　near　　the

large　scale　steep　gradient　of　electron　density。

　　　Detailed　analysis　showed　that　the　one-dimensional　wavenumber

spectrum　of　　irregularities　obeys　ａ　form ｏｆｋ‾２　and　that　　the

scintillation　spectra　vary　as　　ｐ
３

frequency).　The　scintillation　Index, Ｓ４

dependence　of　ｆ

４　GHz, and　ｆ‾２

－０．５

（

　　ｐ　１Ｓ　the　fluctuation

seems　to have　frequency

for １３６ MHz ＜ｆく　１．７ GHz, f
１

for　１．７　く　ｆ　く

for　４　＜　ｆ＜　11.5　GHz (f　is　radlowave　frequency).

This　　situation　is　shown　ｌｎ･ Figure　1.8,　　The　smaller　gradient

between　１３６ MHz　and　１．７　GHz　seems　to　be　due　to　the　saturation　of

the　scintillation at　１３６MHz.
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Fig.　1.7.

2000 2100

Local Time

Scintillation　recordings　af 136　MHz　observed　at
KokubunJ i,　and　of　1.7,　4, and　11.5　GHz　observed　at　Kashiraa・

Decreases　of　averaged ４　GHz　signal　level,　which　are　centered　at

2005　and　2035　LT are　due　to　the　satellite　ranging　operation.

Also　shown　is　the　TEC　variation measured　by　the　differential

phase　　shift method between　１．７　and　11.5　GHz (after　Ogawa　et　al. .

1980) .
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　　　　　The　　scintillations　of　this　type　have　been　observed　several

times　since　the　event mentioned　above.　Minakoshl　et　ａ:Ｌ．［1981］

found　from　the　observations　at　several　stations　that　the　area　of

Ionospheric　disturbance　producing 4-GHz wave　scintillation　was

generated　in　the　limited　region　ｏｆ･ the　south　of　Japan　and　then

moved　apparently northward. Karasawa　et　ａ１・，［1985］reported　that

very　　severe　　scintillations　with　　peak-to-peak　　fluctuations

exceeding　１０　dB　at　１．５　GHz were　observed　in　the　equinoctial

months ．　　　Tanaka　［1981］　clarified　the　　following　　conditions

necessary　for　　initiating　the microwave　scintillations　of　this

type; (1) The　maximum or　recovery phase　of　the　geomagnetic　　storm

should　lie　within　several　hours　after　sunset,　and　（２）　the

equatorial　anomaly　should　develop　before　the　scintillations

start。

　　　　　Ogawa　　and　Kumagai　[1985】　found　evidence　that severe

nighttime　GHz　scintillations　under　geomagnetic　storm　conditions

are　closely　associated with　deep　depletions　of　TEC.　　The　TEC

depletions　amount　to　２－８χ1016　el/m （１０－３０　ｔof　the　background

ＴＥＣ），　and　their　durations　range　from　１０　mln　ｔ０　１　hour.　　These

depletions　move　northward or　eastward with velocities　between　６０

and　２６０m/s.　The　depletions　are　not　probably　counterparts　of　the

equatorial　bubbles　but　seem　to　be　formed　in　localized　regions

around　　Japan　under　complicated　and　　disturbed　　ionospheric

conditions.
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CHAPTER　２

METHOD　OF　ＳＰＡＣＥＤ－ＲＥＣＥ工VER　ＳＣＩＮＴ:ILLATION MEASUREMENTS

2.1. INTRODUCTION

Moving　random patterns　occur　quite　commonly　In　geophysics.

some　radio　experiments　on　the　upper　atmosphere,　　e.g.

Ionospheric　　　　drifts,　　　Ionospheric　　　scintillations,　　　and

Interplanetary　scintillations, moving pattern of　radlowave　field

is　measured　on　the　ground using at　least　three　spaced　antennas.

In　the　analysis　of　such moving patterns, the mean　drift　velocity

is　one　of　Important　quantities　to　be　determined.　:I:ｎ　addition,

parameters　describing　spatial　properties　of　the　pattern and　its

random　changes　are　also　required　to be　determined.　　From　the

scintillation measurements with　spaced-recelvers, It　Is　possible

to　　obtain　　the　　motion　and　　spatial　　properties　　of　　the

Irregularities.　　　From　　these　　results,　　the　　mechanism　　of

scintillation　and　the　development　of　the　Irregularities　can　be

Investigated。

　　　　　The　correlation　analysis　has　been　developed　over　　three

decades　as　ａ　suitable　ａｎａ:Lysis　for　experiments　of　this　　type・

Since　Brlggs et　ａ１．［1950］and　Phillips　and　Spencer　[1955］

established　the　analysis, there　１Ｓ　ａ　large　number　of　papers　on

the　subject　including　several　comprehensive　reviews fcf.　Brlggs,
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1968,　1977] .　Generalized arithmetical method was　described　by

Kent　and　Koster [1966］．　Recently, elaborated analyses　of velocity

fluctuation　or　velocity　gradient within　the　scatterer　have　been

made　to　clarify　the　physical　meaning of　random velocity　［Wright

and Pitteway, 1978;　Wernik　et　al., 1983]。

　　　　　１ｎ　this　chapter,first, the　explanation　of　the　correlation

analysis　　is　given.　The　explanation　is　composed of　two　parts,

which　are　ａ basic　concept　of　the　analysis　and　practical

procedure　for　　two-dimensional　anlsotroplc　pattern.　Next,　the

method　of　the　spaced-receiver　scintillation　measurements　　is

given.　　The　　Instruments　and　their　arrangement are　described.

Finally,　examples　of　results　and　consideration for　the　accuracy

of　the　analysis　are　given.

2.2. BASIC　CONCEPT OF　CORRELATION ANALYSIS

2.2.1. One-dimensional　randomly-changing pattern

　　　　　The　basic　concept　of　the　correlation analysis　is　first　given

by　referring　to　the　classical　paper　by Briggs　et　ａ１．　［1950] .

Consider　ａ one-dimensional　pattern, i.e., a pattern　is　ａ　function

of　one　space　variable　ｘ and　time　ｔ．　Figure　２』．ａ　illustrates　ａ

random･function　R(x,t)　which moves with ａ velocity ｖ　along　ｘ

axis, and　changes　form as　it moves. Consider　first　an observer　in
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←
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　　　→　　　　Ｖ

ρ(fv.・) =CONST.

Ｘ

SECTION

ρ（ξ。. r) =≪)≫ST.

P (f, r。) =CONST.

P (f, r) =CONST.

0 f. f
ξ

Fig.　2.1. (a)　Ａ　random one-dimensional　pattern,　moving　with

velocity ｖ along the　ｘ axis.　　(b) Correlation　ellipses　P (fu, t)

=const.　　for　an　observer　who　　'follows　the　　ｍｏｔｉｏｎ≒　　　（ｃ）

Correlation　ellipses　　ｐ（ξ・ｒ）＝ｃｏｎｓｔ．ｆｏｒ　ａ　fixed　observer. （ｄ）

Auto-and　cross-correlation　functions　for　two　records　continuous

in　　time　at　points　separated by　ａ　distance　ξｏ．　（ｅ）　Auto-　and

cross-correlation　functions　for　two　records　continuous　in　space,

at　two　times　separated by an　intervalてｏ．
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ａ　coordinates　system 0゛ｘｖｗｈｉｃｈmoves　with velocity ｖ　in　the　ｘ

direction. Variables with　suffix ｖ　represent　those　in　this moving

frame.　　The　only　changes　recorded by　this　observer　are　　those

arising　from　the　random　changes　of　the　pattern.　　In　this

coordinate　　system,　　space-time　correlation　function　of　the

stationary pattern　is　given as

　　　　　　　　　　　　　　　〈{R(xu, t) -〈Ｒ〉} {R (xu十fu, t+ r) -〈Ｒ〉｝〉

ρ(ru. t) =
〈{R (xu, t) -〈Ｒ〉｝２〉

(2.1)

　　　　　工ｔ　　is　assumed　that the　contours　of p(ξｖ’て）゜constant　in　the

(fo, t) plane　has　the　form of　similar　concentric　ellipses　as　shown

in Figure　2.1b [Briggs,　1968] .　This　assumption　seems　reasonable

because p (f u, t ) has　ａ maximum value (unity) at　the　origin　and

equi-value　contours　of　any　function　of　two　variables　take

elliptic　　forms within　relatively　small　area around　the　maximum.

Therefore,ρ(fu, t) must　be　ａ　function of　ａ　quantity of （ξｖ２／ｄ２

＋　て２／ｒＣ２），ｗｈｅｒｅ　ｄ　is ａ characteristic　length　and　ｌ’ ｃ is　ａ

characteristic　time　scale.　　Ｃｏｎｔｏｕｒｓｐ（ξＶ’で) =constant　are　　then

given by

　　　ξｕ２／ｄ２十ｒ2／ｒc2＝ｃｏｎstに　　　　　　　　　　　　　　　　　　(2.2)

and have　the　form of　similar　concentric　ellipses.　The　axial　ratio

of　the　ellipses is given by ｄ／ｒｃ， which has　the　dimensions　of

velocity　and　Is　denoted by V
　　　　　　　　　　　　　．　　　　　　　　　　　　　ｃ

　　　　　ｖｃ＝ｄ／ｉｃ (2.3)

This　is　the　ratio　of　the　space　shift　and　time　shift　which produce
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the　same　value　of　correlation　decrease.　With　this　notation.　we

can write

ρ（ξｖ’ｒ）゛ｆ（ξｖ
２
+V z )
　　Ｃ (2.4)

where　ｆ　is　ａ　functionwhich　decreases　from unity　at　the　origin　to

zero　for　large　values　of　argument, but　Is　otherwise　arbitrary・

　　　　　We　now　return　to　consider　anactual　observer　in　the　fixed

coordinate　system Ox, and　derive　an　expression　for　the　space-time

correlation　function p (f ,て) for　this　observer.　Relations　between

variables　in　fixed　and moving flames　are

　　　　　　χ＝χ　＋Ｖて
　　　　　　　　　　　Ｖ

　　　　　　ξ゜ξｖ゛Ｖて

Substituting　these　relations　into (2.4) we　obtain

　　　　　　　ρ（ﾐF　9て）゜f { (f - Vr　）２ ゛ｖｃ２て２｝　　　　　　　　　　　　　(2.5)

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●Contours　of　constant　correlation　P(f,T)=constant　now　have　the

form　shown　in Figure　2.1c.　They　are　still　concentric　ellipses,

but　　the major　and minor　axes　no　longer　lie　along the　coordinate

axes.

　　　　　From (2.5) It　is　seen　that　the　temporal　correlation　function

Is　ffiven by

　　　　　　　ｐ（　Ｏ’ｒ ）゜ｆ（Ｖ２て２ ゛ｖｃ２て2）　　　　　　　　　　　　　　　　(2.5)

The　change　of　the　correlation　in　time　at　ａ fixed point　Is　due　to

two　separate　effects　represented　by　two　terms　in　the　bracket. The

drift　velocity ｖ produce　ａ　correlation　ｄｅｃｒｅａｓｅｆ（Ｖ２て２），　and　the

second　term represents　the　effects　of　the　change　of　the　pattern

and　produces　correlation　decrease　ｆ（ｖｃ２て２）゛　Therefore, the　ratio
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v^/v　is　ａ useful measure representing the　importance　of　random

change　as　compared with　the　effect　of　drift.

2.2.2. Two　types　of observations

　　　　　There　are　two　types　of observations　which　may　be　made

［Brlggs,　19681 ;　one　is　an　observation　made　at　two　points

separated by　ａ　fixed　distance ξＯ　being continuously　in　time.　The

other　　is　an　observation　of　the　whole　pattern　at　two　times

separated by ｒ
Ｏ°　In

the　observation of　the　former type,　which　Is

usually　made　in　the　case　of　radio wave　observations,　the　cross-

correlation　function　of　the　two　records　at　separate　points　　Is

immediately calculated, that　ｉＳ“　section　p(fo.て）ｏｆ　the　function

ρ（ﾐF・て)(Figure　2.1c) .　In　order　to　find　て9，　Ｙｉhich　gives　the　peak

of　the　cross-correlation function,　we　make　use　of　(2.5),　and

setting P°ξ0

　　　　　∂ρ
　　　　-＝O　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　(2.7)

　　　　　∂で

Then we　find

t'
一

一

　　　ξＯＶ

-
　（Ｖ２十ｖc2）

(2.8)

Thus　the　．ｒａｔｉｏξＯ／１”does　not　give the　true velocity ｖ　of　the

pattern　but　only　an　゛apparent velocity' V゛given as

　　　　　　Ｖ’゛ξＯ／で’゜Ｖ ゛v//v　　　　　　　　　　　　　　　　　　　　　　　　(2.9)

　　　　　　　　　　　　　　　　　　　　　　　　　　３８



The　apparent　velocity　Is　always　greater　than　the　true　drift

velocity。

　　　　　工ｎ　Figure　2.1c.　themaximum correlation　for　the　section

ρ（ξＯ’で）　will　occurwhen　the　vertical　line f =£

ellipse　of　the　family.　　　If　the　line　Is　drawn　from　the　origin　to

the　point　of　contact　of　the　tangent.　the　slope　of　this　line　Is

１／Ｖ≒

Ｖ　．
　Ｃ

later.

　　In　order　to　complete　the　analysis,　we　need　to　find ｖ and

This　can be　done　in various ways　which will　be　discussed

　　　　　The　other　type　of　observation　Is　to make　two　' snapshots゛at

times　separated by an　interval　r=x I.e. observations　continuous

in　space　and　separate　　in　time.　By　calculating　the　cross-

correlation　between　these　two　snapshots,　we　obtain　the　cross

section p(ξ’゛Ｏ）　of　the　function p (ξ・て）　(see　Figure　2.1c) .　　This

will　have　ａ peak value　for　some　space　shift　ｒ ・

calcu:Late　f' , we make　use　of (2.5), and　setting ｒ＝ｒ

　　　　∂ρ

　　　一一　　　　　－０
　　　吋

This　gives

　　　　ｒ　’Ｖｒｏ

　In　order　to

Ｏ’ｔｈｅｎ

(2.10)

(2.11)

　　　　　Thus　even　if　the　pattern　changes　as　It　moves,　the　drift

velocity　can be　found　directly　from　the　space　shift　which　gives

the　ｍａχImum　cross-correlation.　　This　result　Is　Illustrated　in

Figure　2.1c.　The　maximum　correlation　for　the　section ｐ（ξぱＯ）

occurs　where　the　horizontal　lineでｒo

３９

touches　an　ellipse　of　the



family・

slope　1/V.

Ａ　line　from　the　origin　to　the　point　of　contact　has　ａ

2.2.3. Definitions ･of　basic　quantities

　　　　　We　　give　definitions　of　ａbasic　quantity　which　is　newly

Introduced　and　give　summaries　of　those　which　are　　already

introduced　in　the　preceding　sections;　　both arc　used　in　the

analysis .　　They　are　given　in one-dimensional　formulas,　and　they

are　soon　applicable　to　two-dimensional　case.

(1) Fading ｖｅｌｏｃｉｔｙｖｃ゛

　　　　　This　　is　ａ measure　of　the　ratio　of　space　shift　to　time　shift

necessary　to produce　the　same　change　in　the　value　of　ｐ．　　When we

use　the　spaced receivers　ｗｉｔｈξＯ　apart,　ρ（ξＯ’Ｏ）　gives･ the　effect

of　ａ pure　space　shift f .　工f we　find ａ　time ｌａｇてｓ which　gives

ρ(O.r )　゜　ρ（ξＯ’Ｏ）’　てｓ　gives the　effect　of　a pure　time　shift ．

Then　the　definition of ｖ　' gives
　　　　　　　　　　　　　　　　　　　　　　　Ｃ

　　　　　　　ｖ
ｃ’゜ξＯ／　てｓ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　(2.12)

(2) Drift　velocity ｖ

　　　　　This　is　the　velocity of　an observer　who　has　so　adjusted　his

motion　on　the　ground　that　he　experiences　the　speed　of　fading

!ninimum°　　Suppose　he　compares　signal　amplitudes　at　times　て０

apart.　　　His　displacement　f during this　time　period　should ｂｅ･so

adjusted　that　ｐ（ξ”てＯ）　is　ａ maximum, and　then ．　　　　　ｉ

　　　　　　　ｖ°ξ’／てｏ　　　｀　　　　　　　　　　　　　　　　　　　　　　　･’　(2.13)
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This　velocity　Is　an unambiguous measure　of　the　movement　of　the

pattern　along　the　ground.　　For　two-dimensional　ground　ｖ　has

direction.　Assuming　axes　of　ｘ and ｙ on　the　ground,　let　the

direction be　at　angle　φ　to　the　ｘ　axis. Then　the　components　of　the

velocity　along　the　axes　are

　　　　　　　ｖ　＝　ｖ　ｃｏｓφ
　　　　　　　　χ

　　　　　　　Ｖ　°ｖ　ｓｉｎφ　　　　　　　　ｙ

(3) Apparent　drift　velocity ｖ’

　　　　　When　the　fading　records　are　observed　at　two　separate　points

on　the　ground　(distance　　ｉｓﾐＦＯ）’　　suppose　that　the　cross-

correlation　function　has　the　peak value　at　time　lag　ｒ≒　　　The

apparent　velocity　of　drift　is　then

Ｖ’＝Ｅ０ ／　て
(2.14)

For　two-dimensional　ground,　suppose　that we　have　three　receivers

at　origin (0,0) ,　　（･ξＯ’Ｏ）’　ａｎｄ（Ｏ.Ｔｌ０）‘　　Letｒ
ｘ’　and てｙ’　are　time

lags　for　best　correlation between　the　first　and　second,　and　the

first　and　third　receivers,　respectively.　　Then　the　apparent

velocities　In　the　two　directions　are

　　　　　　　ｖｘ’゜ξＯ／てｋ　and　ｖｙ’゜ηＯ／てシ

It　　is　noted　that　these　values　are　not　components　of　ａ vector　ｖ゛

but　both　larger　than ｖ≒

(4) Characteristic velocity ｖｃ

　　　　　This　Is　the　value　ofｖ　’　which　Is　seen by　the　observer　who
　　　　　　　　　　　　　　　　　　　　　　　　　　　　Ｃ

Is　　moving　at　velocity ｖ°　ｖｃ　gives　ａ　quantitative　measure　of

random　change　taking place　on　the　patterns.　　To　this　moving

４１



observer　　the　ratio　of　space　shift　and　time　shift　necessary　to

produce　ａ　similar　change　in　P is

　　　　ｖ
ｃ °ξＯ /-c

where　ｐ（ξＯ’Ｏ）゜ρ（ｖｉｃ’ て

Ｃ

）

2.2.4. Derivation　of ｖ and ｖ
　　　　　　　　　　　　　　　　　　　　　　　　Ｃ

(2.15)

　　　　　From　the　spaced　receiver (F apart)　measurement　of　the

fading　　records,　　correlation　　function　P(H.て）　is　　obtained

continuously　in　time,　while only at　ｏ　ａｎｄξＯ　in　space. We　　can

easily　derive ｖ゛and ｖｃ゛ from the　ｏｂｔａｉｎｅｄｐ（ξ，τ）．　　It　is　shown

in　this　　section　how ｖ and ｖ　are　derived　from　the　observed
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Ｃ

values.

　　　　It　　is　imagined　that　contours　of moving pattern･(velocity　　Is

Ｖ）　has　shapes　something　like　in Figure　2.2a　in　one-dimensional　Ｘ

and　ｔ　space. 工ｎ　the　frame with velocity ｖ　in ｘ　direction (X ,t),

we　obtain Figure　2.2b,　which　corresponds　to　the　case　that　　the

observer　moving with ｖ　sees　the　pattern.　　It　is　considered　that

for　such　an　observer　the　ratio　of　the　space　and　time　shifts　which

have　the　same　effects　In changing　P Is ｖｃ° Therefore,　we　make

Figure　2.2c,　in which　the　coordinate V t　Is　used　In place　of　ｔ’

so　that　the　average　gradient　of　the　contours　is　the　same　along

both　axes　In　the　diagram,　i.e. contours　become　circle. Change　of

　ｐ　between･　any　two　representative　points　depend　only on　their

distance　regardless　ｏｆ･ their　direction　In　this　diagram.
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「

ａ ｂ

Fls.　　2.2. (a) Moving　irregularity　contours　in x-r　space. (b) In

the　　case　that　the　orlffin　of　the　ｘ　coordinate　is moved　along with

velocity ｖ．　　（ｃ）Ｔｈｅ　coordinate Vcｒ Is used　In place　ｏ１　て． The

average　gradient　of　the　contours　is　the　same　along　both axes.

（ｄ）　The　（ｘ･　ｖｃで) diagram･　same　as (c)　but　the　contours　are

omitted.
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　　　　　Ａ　fixed point　on　the　ground will　have　velocity　-ｖ　relative

to　the　axes　of Figure　2.2c. This　point　draws　ａ　line　tilted　to　the

negative　ｘ　direction　on　the　diagram as　time　ｔ　increases;　　the

tilted angle　of　this　line　Is　e, where

　　　　　　cot e =　゛ｖ ／ ｖｃｔ　°Ｖ／ｖｃ･　　　　　　　　　　　　　　　　　　　　　　　　　（２°１６）

Thus　the　values　of　ｐ　along this　line　are　those　experienced　at　the

fixed point　on the　ground.　The　（ＸＶ’｀　ｖｃｔ）　diagram　is　redrawn　In

Figure　2.2d,　in which　the　contours　are　omitted.　The　distance　on

this　diagram　corresponds　to　the　total　number　of　fadings.　　Since　ａ

fixed　observer　feels　the speed　of　fading ｖｃ≒　　he　experiences　the

total　fading ｖ（ｙｔ　during ａ　certain　time　period　ｔ’ then

　　　　　　Ｖノｔ　= V t ／　sin e　　　　　　　　　　　　　　　　　　　　　　　　　　　(2.17)

Combining (2.16) to　eliminate

Ｖ
Ｃ

２

V2 (2. 18)

We　obtain　the　fading record　of　the　second　receiver　at　distance

ξＯｆｒｏｍthe　first　one.　The point　of　the　second　receiver　moves　on

line ．AD　in Figure　2.2d with　time　elapses.　　　工ｔ　is　seen　that　the

highest　　correlation　is　obtained between　the　first　receiver　at　ｏ

and　the　second ｏｎｅ･when　the　second　receiver　is　at　M(t=r');　　Ｍ　is

the　nearest　point　to　Ｏ　on AD. The　height　of Ｍ above　the　ｘ axis　Is

ｖ　ｒ゛and　the　following relation　１Ｓ　derived
　Ｃ

ｖ

ｃて’゜ﾐＦＯｓｉｎθｃｏｓθ　゜ﾐｒｏｖｃｖ／（ｖｃ

２　
゛Ｖ
２　） (2.19)

in which　we　make　use　of (2.17) to　eliminate　e . From　definition　of

ｖ≒

Ｖ’゜ξＯ／て’゜（ｖｃ２　゛Ｖ２　）／Ｖ

４４

(2.20)



Then

　　　　　　　ＶＶ’゜ｖｃ２　゛Ｖ２　°ｖｃ゛２ (2.21)

Note　that　the　determination　of　で gives V゛immediately. ｖｃ゛　　１ｓ

also　obtained　from the　observation (see (2.12)).　Consequently, V

and ｖ　are　derived using the　values　of V and ｖ　≒
　　　　　ｃ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ｃ

　　　　　other　method　shows more　simple　relation　to　ｇ･Ive ｖ；　　uslnffａ

time　lag z　　at which　the　auto-　and　cross-correlation　curves　cross
　　　　　　　　　　゛ｅ

each　other

ρ(0. X
ｅ

） ＝ρ(ﾐF
０
てｅ）

(2.22)

then

　　　　　　　Ｖ°ξＯ／２ｉ’ｅ (2.23)

　　　　　Above　discussions　ｃａｎbe　easily　extended　to　the　case　of　two-

dimensional　ground　If　the　moving pattern　is　spatially　isotropic.

Consideration　similar　to　those　employed above　leads　　to　the

results　as　follows;　　we　consider　the　simplest　case　that　the　three

observation points　form ａ　triangle　AOB with　the　right　angle　AOB.

OA　and　０Ｂ　are　along　the　axes　Ox　and Oy, respectively.

　　　　　V V ' = V V '
　　　　　　χχ　　　　y y

　　　　　ｔａｎφ　゜ｖｙ ／ｖｘ °ｖｘ’／ ｖｙ’

where　φ１ｓ　ａｎ、angle between ｖ and Ox

(2.24)

(2. 25)

2.3, CORRELATION ANALYSIS　OF TWO-DIMENSIONAL ANISOTROPIC　PATTERN

2.3.1.　Anlsotroplc　pattern
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　　　　In　the　case　of　the　two-dimensional　ground ，it　is　an　Important

objective　for　the　correlation　analysis　to　derive　the　size or

shape　of　the　fluctuating pattern　as　well　as　the　drift　velocity・

The　fluctuating patterns　have　anisotropic　shapes　in many　cases,

e.g. ,　　the　　Ionospheric　Irregularities　are　considered　to　have

shapes　being　extended along the　direction　of　geomagnetic　field

line.　　For　the　anisotroplc　pattern,　the　deduction method　of　the

pattern　shape　and　drift velocity was　first　derived　by　Phillips

and　Spencer　［1955] in　somewhat　geometrical　manner.　　They　also

discussed　the　error which might　occur　if　the　anisotroplc　pattern

was wrongly　assumed　to be　isotroplc。

　　　　Kent　　and　　Koster　［1966］　showed　more　　generalized　　and

arithmetical　method　which　１Ｓ　applicable　to　the　case　of an

arbitrary　alignment　of　three　receiving points.　In　the　succeeding

sections　　the　method　of　the　analysis　is　described　in　accordance

with　their　procedure.　　In　the　analysis,　three　auto-correlograms

of　the　receiving　records　obtained at　three　fixed　receiving points

and　three　cross-correlograms　of　the　three　pairs　of　　these

receivers　are　used.

　　　　　First,　　we　show　the　method　to　deduce　the　correlation

ellipsoid　which　is　an　extension of　the　correlation　ellipse

introduced　in　2.2.1　to　the　three　dimensional　　space　(x,y,て）．

This　ellipsoid　can be　considered　to　represent　the　averaged　shape

of　the　fluctuating pattern,　i.e., the　pattern of　the　ionospheric

Irregularities.　　Figure　２．３　shows　the　schematic　picture　of　the
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Fig. ２。３． Cross sections　of　correlation　ellipsoid　　with

correlation　coefficient　ｐ＝ρ　in (x, y.て　) space.

　１ri　　　・１
X"0 ｔ

Fig.　2.4.　Typical　correlograms　obtained by　the　three　　spaced

observation.
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ellipsoid.　Typical　correlograms which may be　obtained　from　the

three-spaced　observation are　shown　in Figure　2.4. Crossing points

between　all　correlation functions　and ａ horizontal　line.　which

represents　some　correlation　level, exist　on　the　same　ellipsoid.

2.3.2. ({?. t ) el:Llpse　on　ａ　section of　ellipsoid

　　　　Consider　ａ　pair　of　receiving points　on　the　ground　at　ａ

separation　ｊ?１
°　　As

has　been　discussed　in　2.2.1,　correlation

ellipse　　can　be　drawn　in　the　one-dimensional　ground　and　time

coordinate　system.　This　ellipse　is　shown　in Figure　２．５　and　is

equivalent　to　ａ　section of　the　ellipsoid　in　Figure　2.3.　This

section　　is　on　the　vertical　plane,　of which　the　foot　line　on　x-y

plane　represents　the　direction　of　the　pair　of　receiving　points

(antenna　base　line) .　Consider　the　ellipse　at　some　correlation

level (P )゜　Points　Ｐ，　A, and Ａ゛In Figure　２．５　correspond　to　the

points　in　Figure　2.4:　　they　are　crossing　points　between　ａ

horizontal　line ｐ°ρＯ’　尽ｎｄ　themean　auto-correlogram and　cross-

correlogram (No.l).　　Time　shifts　of　these　pointsてＯ゛て１゛and　て１゛

are　also　shown　in both Figures　２．４　and　２１５。

　　　　　These　three　values　are　sufficient　to　define　the　equation　of

the　ellipse　in　the (2,T) plane, which may be written　as

a192 ゛2h Cて　゛ｂ１て'
２　

＝　１

Where, the‘ coefficients　are

a１　°右（１　゛で１
　
1
2
0
　
て
　
／
　
　
１

　
ｒ
’

(2.26)
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Fig.　2.5.　Correlation　ellipse　ｌｎ（　2 , r ) plane.

ズ３

χ２

一一

Fig.　2.6. Arrangement　of　three　receiving　stations
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ｈ１ °‾（ｒ１ ゛τ１’）／２２１てｊ

　　　　　　　ｂ１°１／てｊｌ

　　　　This　operation　is　repeated　for　every pairs　of　receivers, I.e.

for　three (fi,r) planes.　　Ａ　set　of values （　８ｉ’　ｈｉ’ｂＯ）’ｆｏｒ　ｉ゛

１　－　３，　are　obtained, where　we　have b　゛ｂ２　°ｂ３　°＼　sinceてＯ　is

common　to　all　planes.　This　set of　values　is　sufficient　to

construct　the　correlation　ellipsoid　In　three-dimensional　space。

　　　　　工ｎ　the　above　procedure,　the mean　auto-correlogram　is　used

under　the　assumption　that　the　auto-correlograms　at　three　points

are　very　similar　to　one　another.　　In practice　there　　sometimes

appear　auto-correlograms　relatively　different　from one　another.

Since　these　data may　derive　poorly　reliable　results,　they　should

be　omitted　in　the　data processing.　　　In addition,　１ｎ　order　　to

improve　the　reliability.　１ｔ　is　necessary　to　fit　the　correlograms

to　some　　smooth functions　of　curves　In vicinity　of　the　crossing

points　and　to　determine　the　precise　crossing points.

2.3.3. Calculation of　coefficients　of　ellipsoid

　　　　　The　　equation　of　the　correlation　ellipsoid　in　(x, y,t　）

coordinate　system　１Ｓ written as

ａｘ２　゛2hxy　゛by2　゛２ｆｘで2gy 17 ＋　ｃて２　＝　１
(2.27〉

The　coefficients are　calculated　from　the　values　of (a..　ｈ１’　ｂＯ）

obtained　above.　Suppose　that　the　receiving points　are　aligned　as

in　Figure　２．６ where　the　east　is　taken　as　ａ　reference　direction.
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(2.30)

χ

1

and

１ｓ　an　angle　of　each　side　of　the　trianglemeasured　from　east.

　　　Let　ｒ　＝［a,2h. b］ａ　column vector,

ａ゛［ａ１

　　　２
COS　χ

ａ２

１

ａ３］ａ　column vector,

Ａ＝

. sin X

ｃｏｓ“χ２’ｓｉｎχ

ＣＯＳ
２χ

３
. sin X

１ＣＯＳχ

^cos
Ｘ

１
, sin

２’
sin

ズ

χ

１

２

gCos X 3. sin“χ３

Then ｒ　can be　given as (Appendix Ａ）

ｒ＝Ａ‘ａ

where　Ａ‾１

ｊ

(2.28)

(2. 29)

１ｓ　the　inverse matrix　of　Ａ．　It　can　be　calculated　from

both　the　alignment　of　the　receiving　stations　and　ａ．　The　actual

numerical　computation　is　not　as　formidable　as might　appear　since

Ａ‾１　　Isfixed　and needs　to be　calculated once　for　ａ　particular

configuration.

　　　　The　remaining　constants　will　be　found　from　the　following

equations (Appendix Ａ）

ｆ＝

ｇ＝

　ｈ2Siny 1- h lsinz 2

べ

　　ｓｉｎ（χ１－χ２）

h ｌｃｏsχ２－ ｈ２ｃｏsχ1

sin ( y 1 -χ2）

-

-

-

一

一

h3 siny a －ｈ２ sinr 3

　sin (xz -xz )

hi sinz3 －h3 sinχ2

sin (jf 3 - x＼ )

ｈ２ C0SZ3 －ｈ３ cos;ir 2

　　ｓｉｎ（χ２－χ３）
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C = bi = b2=b3=bo

一

一

ｈ３ COSX 1　一hi cosy 3

sin (xs - x＼ )

Triplet　values　of　ｆ　and　ｇ are　obtained.　　They　are　averaged　In

use.　　工ｎ　fact, they　should　ideally be　equal　one　another　and　their

coincidence　may　be　ａ　good　indicator　for　the　accuracy　of　the

results.

2.3.4. Axial　ratio　and　direction of　ground pattern

　　　　An　equation　of　the　ground pattern　ellipse　is　obtained　from

(2.27) by　settingで＝Ｏ

　　　　　　　ａｘ２　＋　2hxy　＋　by^　＝　１

The　axes　of　this　ellipse　are　given by

1/b.
２

一

一 ｛Ｏ 匹｝

(2.31)

(2.32)

　　　　　　１／ａ０２　°｛（ａ＋ｂ）－√石こb)2 + 4h2}

Here,　the　axial　ratio　７ and　the　direction of　the major　axis　φ

are　given as　follows

７°ａＯ ／ｂｏ

tan ２φ　＝２ｈ ／（ａ－ｂ）

(2.33)

(2.34)

The　　three　parameters　７，φ，　and the　size　of minor　radius b　are

values　necessary　to　describe　the　ellipse　unambiguously.

2.3.5. Derivation of ｖ and ｖ
　　　　　　　　　　　　　　　　　　　　　　　Ｃ
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　　　　The　drift　velocity ｖ　is　found by　drawing ａ　horizontal　plane

tangent　to　the　ellipsoid,　１ｎ　the　similar　manner　as　stated　In

2.2.2.　This　is　shown　in Figure　２．３　１ｎwhich　the　contact　point　Is

Ｒ≒　　Hence,　Ｖ　is　given by ａ　vector　ＯＲ≒　　　In　order　to　obtain　the

contact　point,　we　differentiate (2.27) with　respect　to　ｘ　and ｙ，

respectively

　　　　　（ａｘ＋ｈｙ＋ｆて）＋匹（ｆｘ＋ｇｙ＋ｃて）＝０

　　　　　　　　　　　　　　　　ｄχ　　　　　　　　　　　　　　　　　　　　　　　　　　(2.35)

　　　　　(hx + by + gて）＋斜(fx + gy + ct-) = 0

Therefore, the　following relations　must　be　filled

　　　　　ax + hy + fて＝０

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　(2.36)　　　　　ｈχ　＋　by　＋　ｇて＝　０

Solving　these, we　have

Ｖ＝▽=に言自
ａ

－

ａ

ｇ

－

ｂ

ｈ

- ｈ
２

ｆ

)2}
1/2

and　the direction of the drift velocity,φ. Is given by

tａｎφ＝

ｙ

－

Ｘ

-

a g -h f

-

　b f -h g

(2.37)

(2.38)

　　　　　　When　the　axial　ratio　of　the　groundpattern　becomes　very

large,　these　equations　do not　lead　to　accurate　results.　This　Is

because　both　the　numerator　and　the　denominator　of (2.37). as　well

as　　(2.38),　tend　to　zero　and　the　values　of ｖ　and　　φ　　becomes

largely uncertain.　　In　fact,　the　component　along　the　major　axis

becomes　uncertain　while　the　component　along　the minor　axis　　１Ｓ

unaffected.　Hence,　It　seems　possible　to　derive　the　latter
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component.　　In　this　case, the　following approximate　formulas　are

useful;　the　ellipse　with　large　axial　ratio　can be　approximated　to

ａ parabola, for which

　　　　　　　ab　＝　ｈ２　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　(2.39)

　　　　　　ｔａｎφ　=- (a/h) =　－（ｈ／ｂ）

The　direction of minor　axis　φ’１ｓ　given by

　　　　　　ｔａｎφ’＝（ｈ／ａ）＝（ｂ／ｈ）

(2 40）

(2.41)

In　the　case　of　ellipse,　the　lines with　slopes (h/a) and (b/h) do

not　well　coincide with　the minor　axis　but　lie　on　either　side　of

it.　The　components　of ｖ along　these　directions will　not　quite　be

equal　　to　the　components　along the minor　axis　but will　be　very

close　to.

Along　（ｈ／ａ）：　ｖａ

Along　（b/ｈ）
一
番 ｖ
ｂ

2.3.6. Derivation of V/Vc

　　　　１　　　　a h g-h2　f+abf-ahg

＝斤=穴=
ﾊﾞ　　

a b-h2　　　　　）

-

-

ｆ

匹

ｇ

一
一

匹｀

(2.42)

(2.43)

In　Figure　２．３　the　ratio (V/Vc) is　equal　to (O'R'/OR).　At　Ｒ’

or Ｒ

　　　　’ｙ／Ｘ＝（ｈｆ －　ag) / (gh －　ｂｆ）

Equation (2.27) may be　rewritten as

５４

(2.44)



ｘ（ａｘ＋ｈｙ＋ｆて）＋ｙ（ｂｙ＋ｈｘ＋ｇｒ）＋　r(fx + gy + cて）＝　１

Hence　at Ｒ゛

　　　　　　fx+ gy + ct = 1/T

Also　from　the　previous　equations (2.36) we　see　that

　　　　　　x(ag－ fh) = y(bf - gh)

x(ab　－　h2）

y(ab　－　h2）

＝　r(gh　－　ｂｆ）

＝　T(hf　－　ａｇ）

Substitution　of (2.47) into (2.46) gives

　２
Ｘ
　　　２

十　ｙ　゛

１
　
　
一

言

に
～
M

　(g h- b f ) 2十(h f - a g) 2

f g h-b f2 - a g2 十c (a b- h2)

On　the　other　hand　at　Ｒ

　　　　　‘ａｘ２　＋　２ｈｘｙ＋ｂｙ２　＝　１

Substitution of (2.44) gives

　　　　　　　　　　　　（ｇｈ－ｂｆ）２十(hf -a g) 2

Ｘ２＋ｙ２°

（ａｂ－ｈ２）（ａｇ２ -2 f gh十b f 2 )

Comparison　of (2.48) and (2.50) gives

　　　　　　　　　　　　　　　　　　　　　ａｇ２－２ｆｇｈ＋ｂｆ２

（Ｖ／ｖｃ）２＝

(2.45)

(2.46)

(2.47)

ｊ

(2.48)

(2.49)

(2.50〉

(2.51)

　　　　　　　　ｃ（ａｂ－ｈ２）－（ａｇ２ -2 f gh十bf2 )

It　　is　found　that,　as　In　the　case　of ｖ， （Ｖ／ｖｃ）ａｌｓｏ　becomes
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Inaccurate　for　large　axial　ratio.工ｔ　is　however　possible　to　adopt

ａ　similar　procedure　as　for　ｖ and find approximate　formulas　for

（Ｖ/ｖ

ｃ
） which　give　ａ　high　degree　of　accuracy　under　　these

conditions.　　The　simple　procedure is　to　calculate （Ｖ／ｖｃ）　along

the　directions　given by　ｔａｎ’ｔ（ｈ／ａ）ａｎｄ　ｔａｎ‾１（ｂ／ｈ）．　　The　results

are

　　　　　　　　ａ３＋２ａｈ２＋ｂｈ２

Along　ｔａｎ‾１（ｈ／ａ）：（Ｖ　／Ｖ）２　＝　

|　　　　　　　　　　　　　　　

c - 1

　　　　　ｃ　　　　　　　　（ｈｇ十ａｆ）２

　　　　　　　　ｂ３＋２ｂｈ２＋ａｈ２ |

~

ｙ

　　　　　ｃ　　　　　　　　　　（ｂｇ十ｆｈ）２

2.4. OBSERVATION　INSTRUMENTS　AND ARRANGEMENT

2.A.I. Instruments

(2.52)

(2.53)

　　　　　Ａ１１　necessary　for　satellite　radiowave　reception　at　three-

spaced　positions　ａｒｅ　three　sets　of　antenna　and　receiver,　and

additional　Instruments　such as　an analog data　recorder　and　mini-

computer　for　data　storage　and processing.　The　radlowave　used　is　ａ

carrier　wave　of VHF　telemeter　signal (136.112　MHz)　transmitted

from　　the　geostationary　satellite　ETS-2　　(Engineering　　Test
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Satellite　Type　２；　Klku-2) stationed at　１３０°Ｅ　above　the　equator 。

　　　　　　Two　of　three　antennas　are　crossed-Yagl　　type　with　１２

elements;　　they were　designed　to　detect　the　polarization　angle　of

radiowave　field　as　well　as　Its　strength.　Figure　２．７　shows　ａ

photograph　of　the　antenna. The　antenna　gain and beam width　are　１２

dB　and　３５°(HPBW),　respectively.　　Another　antenna　used　Is　ａ

helical　type　of which　the　gain　is　ａ　little　lower　than　the　former.

Three　narrow band　receivers (bandwidth　of　ｌ　kHz) are　used.　Ｔｈｅ１「

characteristics　are　almost　similar　to　one　another.　The wavefleld

strengths　are　obtained by　three　receivers　and　the　polarization

angle　Is　obtained by　one　of　the　three　receivers。

　　　　Figure　２．８　shows　the　block　diagram of　the　receiving　system by

which　the　polarization　angle　as well as　field　strength　is

obtained.　The　dynamic　range　and　time　constant　for　the　wavefleld

Intensity　measurement　are　about　３５　dB　and　０．１　ｓ，　respectively・

The　polarization　angle　is　derived from　two-channel　outputs　of　the

crossed-Yagi　antenna　by using ａ　goniometer.　Variation　of　the

polarization　angle　results　from　the　Faraday　rotation　which　the

radiowave　　suffers　during　its　passage　of　the　　ionosphere.　　Total

electron　content　along the　radio　path　can be　derived　from　this

measurement. The wavefield　Intensity　and polarization　angle　were

recorded both on　chart　recorder　and　analog magnetic　tape.

2.4.2. Arrangement
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Fig.　2.7. Photograph　of　crossed-Yagl　antenna.

５８

-

-



日回匝]ｍ
Fig.　2.8. Block　diagram of　crossed-Yagl　antenna and　receiver.
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The　observation　site　Is　In　the　campus　of　Hlralso　Branch,

Radio　Research　Laboratory.　　Figure　２．９　sho"ＷＳ　the　location　of

Hiraiso　　together　with　the　radio　propagation　path　from　the

geostationary　satellite ETS-2　and sub-ionospheric　point　Ｐｓ at

300-km　height　on　the　path.　　other　observation　stations　of which

data ｗ１:LI　be　cited　In　the　present　dissertationare　also　shown　in

Figure　2.9.　　They are　Kokubunj i,　Yamagawa,　Okinawa (ionoeram),

and Kakloka (geomagnetism).

listed　in Table　2.1.

The　locations　of　these　stations　are

　　　　　Figure　2.10　shows　the　relative　antenna　locations　at　Hiralso

and　the　　directions　of　the　136.112 MHz　radio　path　from　ETS-2.

Crossed-Yagi　ａｎｔむnnas were　located at　Ｓ（Ｓｏｕｔｈ）ａｎｄE (east), and

ａ　helical　antenna　at W (west).　The　separation　of　each pair　of

antennas　is　about　２００ ｍ．　The　polarization angle　was　measured　at

Ｓ；　　other　　two　（Ｅ　and　Ｗ）　were　only　for　wavefleld　strength

measurement.　The　elevation and azimuth angles　of　the　radio path

on　the　ground are　４７°and　１９７°　(south-southwest),　respectively・

The　radio path　Intersects　the　geomagnetic　field　lines　with　small

angles　of　about 15°at　３００　km height.　where　the　dip　angle　Is　４６°

（４９°on　the　ground)。

　　　　　In　ａ　three-antenna measurement,　movement　of　the　Ionospheric

irregularities　on ａ plane　perpendicular　to　the　radio path　can　be

determined　from　time　lags　among　three　scintillation　records.

Therefore,　we　can　obtain　drift　velocity　in　the　Ｓ゛Ｅ゛Ｗ゛　plane

(observation plane) which　is　ａ projection　of　the　SEW plane　onto　ａ
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Flff.　　2.9.　　　Locations　of　observation　sites.　　Scintillation

observation　site　Hiralso　Is　shown　together with　the　radio　path

from　ETS-2　and　sub-Ionospheric　point　Ps　at　３００　km height　on　the

path.　　other　stations　ａｒｅ　Kokubunji,　Yamagawa,　and　Okinawa

(ionogram) ,　and　Kakloka　(geomagnetism).　　The　longitudes　and

latitudes　of　these　points　are　listed　In Table　2.1.
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Table　2.1. Longitudes and　latitudes of various stations shown　in

　　　　　　Fig.2.9.

Station
　　　　　Geographic
Longitude　　Latitude

　　　Geomagnetic
Longitude　Latitude

Hiraiso

Sub-ionospheric
point Ps

Kokubunji

Vamagawa

Okinawa

Kakioka

140°37 ’E　　36°22 ’N

139°45 ’E　　34°04 ’N

139° 29 ’E　　35° 42 ’N

130° 37 ’E　　31° 12 ’N

127°48 ’E　　26° 17 ’ N

140° 11 ’E　　36° 14 ’N

20B.8°

205.9°

205.8°

198.3°

19G.0°

206.0°

26.

23.

25.

20.

15，

26，

3°

8°

5°

4°

3°

O°

Ｎ

Ｎ

Ｎ

Ｎ
　
Ｎ

Ｎ
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Observa↑ion plane

at ground level

Fig.　　2.10.　Relative　antenna　locations (S,　E, and W) at　Hlraiso,

directions　of　radio path　from ETS-2,　and　geomagnetic　field　line

vector (Bq) .　　Angles　of　these　vectors　both　on　the ground　and　at

３００　　kmheight　sub-Ionospheric　point (in brackets) are　shown.　　Ｎ

denotes　geographic　north.　　Projection of　ａ　triangle　SEW on　the

ground　onto　the　plane　perpendicular　to　the　radio path　makes　ａ

triangle　Ｓ’Ｅ゛Win　the　observation plane.
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plane　normal　to　the　radio path

2.5. DATA PROCESSING AND EXAMPLE　OF RESULTS

2.5.1. Data processing

　　　　　signal　levels　at　１３６MHz　received by　the　three　antennas　were

stored　on　ａｎａ:log magnetic　tape　and　then　digitized　every　0.125　ｓ

for　computer　analysis.　　During　scintillations,　　three　auto-

correlation　and　three　cross-correlation　functions　were　computed

every　４　mln (actual　data　segment　１Ｓ　３．２ min) by　means　of　the

conventional　method.　These　sampling‘ time　and　data　segments　were

properly　Ｓｅ:Lected　in order　to hold　the　scintillation fluctuations

of　which　the　dominant　frequency　spectra　lie　between　０.０１　and

１　Ｈｚ。

　　　　　The　method of　data processing was　already　described　In　２．２

and　2.3.　Since　the　Ionospheric　Irregularities　are　considered　to

have　significant　anlsotroplc　feature,　１ｔ　is main　objective　to

obtain　the　shape　of　them　in　the　analysis. Following the　procedure

by　Kent　and　Koster [1966],　analysis was　made　for　　each　data

segment　(3.2 mln) .　As was　discussed previously,　it　is　assumed

that　ａ　　surface　of　constant　correlation　coefficient　in　ａ　space

(two-dimensional)　　and　time　coordinate　system　Is　　ellipsoid

［Briggs,　1968]. Contours　of　constant　correlation　coefficients　on
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the　observation　plane　at　ground　level (S'E'W) and　then　drift

velocities　and　characteristic　random velocities　were　derived.

Because　　　of　　　significant　　anisotroplc　　features　　of　　　the

Irregu:Larltles, it　is　sometimes　difficult　to　determine　accurately

the　drift　velocity　and　characteristic　velocity.　　　In　this　case,

therefore,　the　approximate　computation method,　which　has　been

discussed　In　sections　2.3.5　and　2.3.6,　　was　employed　to　derive

the　velocities. In　the　following, examples　of　the　data　processing

and　the　results　are　shown.　　The　accuracy　of　the　results　and　the

adequacy　of　the　approximation are　also　examined.

2.5.2. Example　of　observational　data

　　　　　An　example　of　scintillation　records　obtained　at　three-spaced

receivers　during　0019　－　0023 LT on　July　２２，　1982　1ｓ　shown　in

Figure　2.11.　　Three　scintillation　records　at　the　Ｓ，　Ｅ，　and　･Ｗ

antennas　are　shown. The　ordinate　shows　relative　received-power　In

dB.　It　can be　seen　that　the　time　variations　in　three　records　are

almost　similar　to　one　another.　Namely, It　is　expected　that　the

correlations　among these　records　are　high　at　the　separations　of

about　２００ m. Corresponding points　on　the　records　are　connected

with　broken　lines.　Indeed, there　are　time　shifts　of　several

seconds　among them.　These　time　shifts　are　considered　to　result

from　the　motions　of　the　Ionospheric　irregularities。

　　　　　Figure　2.12　shows　example　of　ａ　set　of　correlation　functions
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Fig.　2.11.　　Example　of　scintillation　records　obtained　at　three-

spaced　receivers (S,　Ｅ，　and W) during 0019－００２３　LTon July　２２，

1982.　　Corresponding　points　on　the　records　are　connected　one

another　by broken　lines.
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Fig.　　2.12.　　Examples　of　scintillation　record　and　computed

correlation　functions.　The　record was　obtained　by　Ｓ　antenna

durlnff　ａ　period　0020－００５０　LT on　July　２２，　1982.　　Three　auto-

correlation functions　of　Ｓ，　Ｅ，　and Ｗ antennas, and　three　cross-

correlation functions　of　three　pairs　of　antennas　are　displayed　in

the　lower　panel.
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together　with　scintillation　record,　which was　obtained by　the　Ｓ

antenna　during ａ period from 0020　to　００５０　LTon　July　２２，　1982.

six　correlation　curves　are　drawn　in　the　lower　panel;　　they are

three　auto-correlation　functions　of　the　S, E, and Ｗ antennas, and

three　cross-correlation　functions　of　pairs　of　Ｓ　and　E, S　and Ｗ，

and Ｅ　and Ｗ．　　Ａ１１　correlation　functions　were　computed　during　the

period　from　0028　ｔ０　0032　ＬＴ;　　the　period　１Ｓ　　Indicated　on　the

abscissa　In　the　upper　panel.　As　shown　in the　lower　panel,　three

auto-correlation functions　are　almost　similar　to one　another, and

the　peak　values　of　the　cross-correlation functions　are　larger

than　0.7.　These　are　also　true　for most　of　other　observation

periods.

2.5.3. Example　of　results　and　estimation　of　accuracy

　　　　　Figure　2.13　shoＶｉＳthe　result　of　correlation analysis　for　the

scintillations　during　００－０４ ｈ LT on July　２３，　1982.　The　upper

panel　shows　the　chart　record of　the　event.　From top　to　bottom　In

the　lower　panel, time　variations　in Ｓ４　index,　　axial　ratio　and

minor　radius　of　the　Irregularity pattern　ellipse, pattern　ellipse

itself,　four　kinds　of　velocities　relating to　the motion　of　the

Irregularities,　and　characteristic　random velocity ｖｃ／Ｖ一　are

shown　every　８ min. Each　data point　comes　from　the　analysis　of　３．２

min　data　segment　and　is　plotted only when　all　peak　values　　of

three　cross-correlation　functions　are　larger　than　0.7.
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Fig. 2.13. Example　of　results　of　the　correlation analysis　for　the

scintillations　during ００－０４　LTon　July　２３，　1982.　　From　top　to

bottom,　　time　variations　In　scintillation　chart　record,　Ｓ４　Index・

axial　ratio　and minor　radius　of　the　irregularities,　Irregularity

ellipse,　four　kinds　of velocity vectors・　and Vc/V are　　shown・

Velocity vectors　represent　apparent　velocity ｖ≒　　drift　velocity

Ｖ・and　approximated　drift　velocity Va　and Vb-
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　　　　　The　　irregularity　pattern　ellipse　represents　the　locus　at

which　the　spatial　correlation　coefficient　falls　ｔ０　0.5.　This　is

the　irregularity　form projected onto　the　observation plane　and　１Ｓ

considered　to　represent　also　the　irregularity　form　in　the

ionosphere.　　This　stems　from assumptions　that　the　radiowave　from

the　geostationary　satellite　can be　regarded　as　the　plane wave　and

that　the　angle　of　radlowave　refraction　is negligibly　small　except

ａ　case　　of　extremely　Intense　scintillation.　References　to　the

direction (N　denotes　the　geographic　north) and　scale　size　of　the

Irregu:Larlty　pattern are　shown　in　the　right　side　and　at　the　top

of　panel,　respectively.　　The　axial　ratio　and minor　radius　of　the

ellipse　are　separately　shown.　Most　ellipses　seem to be　elongated

almost　in　the　same　direction. Although　the　interpretation　of　this

result　will　be　given　later,　１ｔ　can be　noted here　that　elliptic

shapes　are　determined　stably　In　the　data processing.　　Also　noted

is　that　the　values　of　axial　ratios　themselves　are　not　so　reliable

in　the　cases　of　large　axial　ratios。

　　　　　Four　kinds　of　velocities　derived from　the　analysis　are

explained　below.　They　are　the　apparent　velocity　ｖ≒　　drift

velocity　ｖ，　approximate　drift　components　along the　minor　axis　of

the　ellipse ｖａ and ｖｂ°The　definitions　of V and ｖｂｗｅｒｅ　given　in

equations　(2.42)　and　(2.43).　respectively.　Three　velocities

except　ｖ　show　an　almost　identical　and　slowly-varying　time

variation.　They　are　directed northward or　northeastward　during

００１０　to　0314LT,　then　directed　southward.　These　directions　are
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always　along the　direction perpendicular　to　the major　axis　of　the

ellipse.　As　has　been mentioned previously (see　2.2.2) ,　V does

not　represent　the　real　drift　velocity　of　the　irregularities　but　ｖ

Is　the　desired　quantity.　　However,　ｖ　shows　large　scatter　in　time

variation　and　seems　not　reliable。

　　　　　The　algorithm　to　obtain ｖ　Is　sensitive　to　the　axial　　ratio

and　becomes　unstable　especially　for　large　axial　ratio. The　reason

for　　this　has　been already mentioned　In　the　previous　chapter.　In

fact.　it　　is　uncertain　to　say　that　the　drift　component　of　the

irregularities　themselves　parallel　to　the　elongation　exists

actually　when　the　axial　ratio　１ｓ　extremely　large.　　Indeed,　１ｔ

would be meaningless when　the　axial　ratio　becomes　Infinite。

　　　ｖａ　and　＼　give　approximate　components perpendicular　to　the

major　axis　of　the　Irregularity　ellipse.　　工ｎ most　cases, these　two

variables　are　almost　coincident　with　each　other.　They　are　also

almost　coincident　with　the　apparent　velocity　ｖ゛　although　the

magnitudes　of ｖａ and V are　ａ　little　smaller　than　that　of ｖ≒　　It

seems　proper　to　ｏｂｔａｌｎｖａ　or ＼　in place　of ｖ　in　the　analysis°

Hence,　average　value　ｏｆｖａ and ＼　is used as　ａ　drift velocity

hereafter.　It　Is　noted　that　the　drift　velocity　comlnff from　this

expression　does　not　have　ａ　component　along the major　axis　of　the

ellipse. The　difficulty　to　obtain　the　drift　component　along　the

major　axis　was　alreadypointed out　In　the　correlationanalysis　of

elongated　irregularities　［Kent　and Koster,　1966;　　Bramley　and

Browning,　1978] .　It　may　be　ａ　future　problem　to　derive　this
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component　accurately.　　　In　addition,　it　seems　Interesting　to

consider　　the　physical　meaning of the　drift　component　along　the

elongation　in ａ　case　of　significantly　large　axial　ratio。

　　　　　The　bottom　panel　in Figure　2.13　shows　the　ratio　０ｆ　the

characteristic　random velocity　to drift　velocity, ｖｃ／Ｖ;　only　the

cases　of　0 < V /V <1.5　is　shown.　This　ratio　is　also　unstable　by

the　reason　similar　to　the　case　of ｖ．　It　is　seen　that　relatively

small　values　of V /V (less　than　0.5) are　obtained　during　the

period　of　stable　scintillations,　while　large　and　over-ranged

values　are　obtained mostly　during the　period with　rapidly　change

of　scintillation amplitude　and pitch.

2.6. SUMMARY

　　　　　This　chapter　is　summarized　as　follows：　(1) Basic　concept of

the　correlation　analysis　for　spatially　one-dimensional　and　two-

dimensional　Isotroplc　irregularities　has been　reviewed.　　（２）Ｔｈｅ

practical　method of　the　correlation analysis　for　two-dimensional

anisotropic　irregularities　has　been　described.　　工rregularity

forms　as　well　as　irregularity　drifts　can be　derived　by　this

method. (3) Arrangement　of　the　instruments　has been　shown. (４)

Practical　procedure　of　the　data processing has　been　introduced.

It‘　is　shown　that　the　drift　velocity ｖ　is　difficult　to　be

determined　accurately　for　the　irregularities with　large　axial
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ratios. It　is　recommended　that　for　such　irregularities　average　of

ｖ　and ｖ
　ａ　　　　　ｂ

should be　used　Instead　of ｖ
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CHAPTER　３

RESULTS　OF　SPACED-RECEIVER　SCINTILLATION MEASUREMENTS

3.1. INTRODUCTION

　　　　　Measurements　of　Ionospheric　scintillations　using　spaced-

receivers　have　provided much　Information on　the　structures　and

movements　of　irregularities. Many　articles　describing　ionospheric

drifts　　deduced　from　radio　star　or　　satellite　　radio　　wave

scintillations　have　been presented.　　At　the　equator,　eastward

drift　velocities　between　３０　and　１５０ m/s were　obtained　during

nighttime　hours［Koster, 1963;　Yeh　et　al, 1981].　工ｎmidlatltudes,

Bramley　and　Browning［1978］obtained　drift　velocity of　９０　m/s

with　ａ predominant　northwest　direction。

　　　　　It　has　been　found　that　the　Ionospheric　　irregularities

producing　nighttime　scintillations　are　field-aligned　and　have

large　axial　ratios　in　the　F-region heights;　axial　ratios　obtained

are　beyond　７　at　the　equator［Koster, 1963;　Kent　and Koster, 1966］

and　beyond　５　in　the　mid-latitude［Moorcroft　and　Arima,　1972;

Bramley　and　Browning,　1978:　MacDougall,　1981] .　　工ｎ　contrast,

daytime　　scintillations　are　caused　by　weakly　　field-aligned

Irregularities　(axial　ratio　Is　about　2) in　the　E-region［Bramley

and　Browning, 1978].　Sinno　and Minakoshl［1983］have　certified
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that　the　scintillations　over　Japan　are　Intensified when　the　radio

path　is　parallel　to　the　geomagnetic　field　lines,　and　have

suggested　that　these　scintillations　were　produced　by　field-

aligned　Irregularities.

　　　　　　These　results　are　quite　useful　to　Investigate　the　behavior

and　dynamics　of　the　　irregularities.　　In　addition,　　spatial

characteristics　of　the　　irregularities　can　provide　　valuable

Information　for　analyzing　the　radio　scattering mechanism　due　to

the　　irregularities.　From　this　analysis　it will　be　possible　　to

construct　an　Ionospheric　Irregularity model　and　to　evaluate　　the

effects　of　the　irregularities　on various　radlowaves　propagating

through　　the　　Ionosphere.　In　this　chapter,　two　　kinds　　of

observational　results　of　the　mldlatltude　F-reglon　Irregu:Larlties

obtained　during　June-July　1982　are　presented; one　１Ｓ　under

geomagnetlcally　quiet　condition［Kumagal　and　Ogawa, 1986］and　the

other　under　disturbed　condition［Kuraagal　et　al., 1986].　１ｎ　the

former　observation, time　evolution of　nighttime　irregularities

and　some　statistics　of both　drifts　and　field-aligned　structure　of

irregularities　are　presented.　　It　will　be　shown　that　　these

results　are　Ｕｓｅｆul　to　Interpret　the　scintillation mechanism　and

to　　construct　an　irregularity model. In　the　latter　observation,

some　Interesting features　of　the　irregularities　are　presented.
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3.2. RESULTS　UNDER GEOMAGNETICALLY QUIET ＣＯＮＤ工TIONS

3.2.1.･Data　periods

　　　　　In　Japan,　nighttime　scintillations　at　１３６　MHz　appear　most

frequently　in　June　and　July and may　last　throughout　　the　night

［Sinno　and　Kan,　　1980] .　　The　probability　of　　scintillation

occurrence　in　this　season　is　larger　for　geomagnetlcally　quiet

condition　than　for　disturbed　condition　［Kumagal,　1986a］．　　We

analyzed　　seven　nighttime　scintillation　events　at　１３６　MHz　which

occurred　　In　June　and　July　1982.　The　data periods　are　listed　in

Table　３．１　　together with both　the　averaged　geomagnetic　Ｋ　Index

(three-hour-range) obtained　at　Kakloka Magnetic　Observatory　(see

Figure　2.9)　and　the　averaged　Ｓ４　index　corresponding　to each

period.　The　Ｋ　Indices　were　less　than　or　equal　ｔ０　３　through　the

whole　period　except　during event　Ｎ０．　５　for　which Ｋ　reached　the

value　４　once.　Therefore,　we　can　investigate　the　scintillations

and　irregularity　characteristics　under　almost　geomagnetlcally

quiet　conditions.　　During　all　the　data　periods,　drifts　and

irregularity pattern parameters　were　computed　every　eight　minutes

(average　of　two　data　segments) .　　First.　time　evolutions　of　the

scintll:Latlons　and　irregularity　characteristics　of　two　events

(Nos.　　4 and　6) are　shown, and　then　some　statistical　features　are

given.
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Table 3.1. A list of periods of seven scintillation events

No. Year　Start timeCLT) End time〈LT〉

1

2

3

4

5

6

7

1982　　3 June

1982　　7 June

1982　26 June

1982　　5 July

1982　　6 July

1982　21 July

1982　22 July

2100 －　4 June

2030 －　8 June

2000 － 27 June

2110 －　6 July

2040 －　7 July

1840 － 22 July

2100 － 23 July

0440

0530

0350

0500

0600

0600

0500
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3.2.2. Scintillation　event　on July　21-22, 1982

(a) Scintillation　record

　　　　　Time　evolution of　the　１３６MHz　scintillation　event　on　July

21-22,　1982　is　shown　in Figure　3.1.　where　from　top　to　bottom,

total　electron　Ｃｏｎｔｅｎｔ（ＴＥＣ）ａ１０ｎｇthe　radio　propagation　path,

scintillation　signal　level,　　ｈ゛Ｆ　observed　every　１５　mln　at

Kokubunj i ,　　drift　　velocity　　ｖ，　　ellipse　　representing　　the

Irregularity　form　at　the　ground　:Level　(every　１６　mln) ,　and　Ｓ４

Index (every　８　min) are　displayed.　The TEC was　obtained from　the

Faraday　　rotation　method.　Note　that　both　ｖ　and　irregularity

pattern　ellipse　represent　those　on　the　observation plane (S'E'W)

shown　in　Figure　2.9.　In　the　second pane:L, occurrence　of　spread-F

at　Kokubunj i　is　ａ:Lso　shown by ａ horizontal　bar.　　　工ｔ　should　be

noted　that　Kokubunj i　　is　about　２００　km north　of　the　presumed

scintillation observing point (34.0°N, 139.4°Ｅ）。

　　　　　strong　scintillations　started at　1845　LT and　lasted　until

0600　LT.　The maximum amplitude　of　the　scintillations　Is　about　２０

dB　　peak-to-peak　（Ｓ４　index ~ 1)゜　　It　　is　obtained　that　the

scintillation　amplitude　does　not　increase without　limit　but　　it

seems　to　be　saturated　around S ~1°　The　saturation may　be　an

Indication　that　the multiple　scattering plays　an　important　role

in　the　scintillation production［Liu　et　ａ１・. 1974].　Spread-F was

observed　from　2330　LT　through　0430　LT.　The　scintillation　event

seems　to　be　composed　of　two　parts,　I.e. .　premidnight　and
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3.1.　Time　evolution　of　scintillation　event　on　July　21-22,

　　From　top　to bottom,　time　variations　In　total　electron

content (TEC) along the　radio　path, 136 MHz　scintillation　record,

ｈ’Ｆ　　obtained　from Kokubunjl　Ionograms,　drift　velocity　vector

(every　８ min) ,　irregularity pattern　ellipse (every　１６　rain),　and

Ｓ４　Index　(every ８ mln) are　shown.　　Occurrence　of spread-F　at

Kokubunji　１ｓ　also　shown　In　the　second　panel　byａ horizontal　bar.
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postmidnight　hours.　The　scintillations　in　the　postmidnlght　hours

correspond well　to　the　appearance　of　spread-F.　However,　this　is

not　the　case　for　the　premldnight　scintillations,　possibly　due　to

the　absence　of irregularities　over　Kokubunj1.　　　Spread-F　was

surely　observed　in　the　area　south of　Kokubunj １，ｅ．ｇ･, at Yamagawa

during 1930-0545　LT and Okinawa　during 2000-2245　LT and　0015-0345

ＬＴ゛　strong　sporadlc-E　（ｆｏＥＳ）１２　MHz) was　also　seen　on　the

Kokubunj ｉ　ionograms　during 1800－1930　and　2030－２１００　LT.　Therefore ，

the　premidnlght　scintillations may have　been　somewhat　affected　by

the　sporadlc-E　layer.

(b) Variations　in TEC　and　drift　velocity

　　　　　TEC　fluctuations　were　observed　during the　occurrence　of

scintillations,　which　is　not　unusual　over　Japan［Slnno　and　Kan,

1978］and　over Arecibo［Kersley,　et　al. .　1980] .　　Especially, a

sharp　depression　of TEC appearing around　００１５　LT　seems　to　mark

the　beginning of　the　second part　of　the　scintillations. The　drift

velocity　ｖ　in Figure　3.1 (N　denotes　geographical　ｎｏｒｔｈ）　１Ｓ　an

approximate　one　and　represents　ａ　component　perpendicular　to　the

major　axis　of　the　irregularity　ellipse (see　2.5.3) .　Since　　the

radio　paths　Intersect　the　geomagnetic　field　lines　with　small

angles (15°），　the　drift　vector　in　the　Figure　can be　regarded　as　ａ

component　almost　normal　to　the　geomagnetic　field　lines.　　From　２０

ｈ　to　ｏ　ｈ　LT,　the　drifts　were　essentially　directed　southwestward

and　most　of　the　drift velocities　are　less　than　３０　m/s.　　In　the
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postmldnlght　hours, there　are　two ｐｅｒｌｏｄＳ（0000－００３２　LTand　０３０８－

0356　　LT）　　for　which　the　drifts　were　directed　　northward.

Especially,　high　northward　drift　velocities (about　１００　ｍ／Ｓ）　１ｎ

association　with both　the　strong and high-pitch　scintillations,

and　the　deep　depression　of TEC were　observed　during　0000－0032　LT.

The　northward　drifts　during　0308-0356　LT had　ａ mean　velocity　of

２３　m/s.　Outside　these　periods　in　the　postmldnight　hours,　the

drifts　were　directed　southward　or　southwestward with　velocities

essentially　less　than ４０ ｍ／ｓ。

　　　　　　Prominent　reversals　of　the　drift　directions　appeared　four

times:　twice　from　southward　to　northward and　twice　from northward

to　southward.　　Among them,　three　reversals　at　2356,　0304,　and

0400　LT happened when　the　scintillations　became　temporarily weak.

Around　these　times,　the　　Irregularity motion　was　decelerated

first,　then　stopped,　and　finally　accelerated　In　ａ　reverse

direction.　　０ｎ　the　contrary,　the　reversal　from　northward　to

southward　　at　　００３６　LT　happened　In　the　midst　　of　　strong

scintillations.　The　sharp　increase　In TEC　observed　around　this

time　may be　related　to　this　reversal.　This　kind　of　reversal　will

be　　further　discussed　in　3.2.4.　　For　the　two periods　when　the

drifts　were　directed northward,　ｈ゛Ｆ　is　certainly　lifted　up　and

TEC　Is　depressed,　suggesting　that　the　derived north-south　drift

velocity may partly　reflect　ａ vertical　movement　of　the　Ionosphere

[Basu　et　al., 19811.

Characteristic velocity ｖｃ, which　represents　ａ　random motion
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or　ａ　random　change　of　the　irregularities,　was　also　calculated　in

the　analysis.　　The　mean value of ＶＣ／ＶＷａＳ　0.34　during　thewhole

scintillation　event　In Figure　3.1.

(c) Irregularity　characteristics

　　　　　Most　ellipses　shown　In Figure　３．１　have　long major　axes which

are　essentially　aligned　along　the　same　direction.　Figure　３．２

presents　ａ　schematic　picture　showing　the　relation　between　the

ellipses　　In　Figure　３．１　and　the　　ionospheric　　irregularity

configuration.　We　can observe　ａ projection of　the　　Irregularity

onto　the　observation plane　in Figure　2.9.　The　directions　of　the

geomagnetic　field　lines　projected onto　the　observation ｐ:Lane　at

３００　km　and　５００　km heights　are　Indicated　in　Figure　3.1;･　their

azimuth (from north　to　east) are　283.3°　（３００　km) and 296.1°　　（５００

km) .　Most　of　the　major　axis　directions　of　the　ellipses　coincide

with　the　projected　geomagnetic　field　lines,　indicating　that　　the

Irregularities　In　the　ionosphere　extend　along　the　geomagnetic

field　lines. The　axial　ratio　of　the　ellipse　in Figure　３．１　amounts

ｔ０　７　during　strong　scintillations.　工ｎ　order　to　obtain　the　actual

axial　ratio　of　the　field-aligned　irregularities,　ａ factor　of　３．９

(=l/slnl5°）ｓｈｏｕｌｄ be ｍｕ:Ltiplied。

　　　　Table　　３．２　　compares　the　averaged　parameters　　of　　the

irregularity　pattern　ellipses　for　premidnight　and　postmldnlght

hours.　The　value　of　axial　ratio　is　shown for　two　cases：　　on　the

observation　plane　and　in　the　ionosphere. Considerable　differences
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Fig.　　3.2.　Relation　between　actual　field-aligned　Irregularity

configuration　(dotted　area) and　Irregularity　pattern　projected

onto　the　observation plane;　plane　perpendicular　to　the　radio path

(hatched　area) .　　Ｔｈ（!　ａｎｇ:Le　between　the　radio　path　and　the

geomagnetic　field　lines B　is　１５°．　　　Ψ　Γepresents　azimuth　angle

in　the　observation plane.

Table 3.2. Mean values of diffraction pattern parameters on 21-22 July and

　5-6 July, 1982.

21-22 July

Axial ratio

Minor radius(in)

Azimuth angle ofmajor axis(deg)

5-6 July

Premidnight　　Postmidnight　　　Premidnight　　Postmidnight

　3.9

(15.0)拿

230.9

106.6

s　Actual　axial　ratio.

　７．５

く28.9)*

173.4

101.2

８３

　9.1
(35.3)*

145.4

10B.7

　6.6

(25.5)末

158.6

100.9



are　discernible;　　axial　ratio　is　larger　and　minor　radius　　Is

smaller　in　the　postmidnight　than　in　the　premidnlght.　Namely, the

irregularities　　in　the　postmldnlght　hours　are more　field　aligned

than　those　in　the　premldnight　hours.　The　azimuth angle　of major

axis　becomes　ａ　little　smaller　in　the　postmldnlght　than　In　the

preraidnlffht　hours,　which may　suggest　that　under　an　assumption　of

ａ　strict　field-aligned nature　for　the　　irregularities,　their

height　decreased　In　the　postmldnlght　hours。

　　　　Since　the　axial　ratio　of　the　Irregularity pattern　is　large.

It　may be　impossible　to　obtain　the　accurate　drift　velocity　using

this　correlation　analysis.　　　Therefore,　only　the　components

perpendicular　to　the　major　axes　of　the　ellipses　have　been　shown

here.　　Under　this　restriction,　drifts　are　along　the　north-south

direction In　reality,　we　do　not　know whether　ａ　drift　component

parallel　　to　the major　axis　of　the　irregularities with　extremely

large　axial　ratio　is　meaningful　or　not.　　工ｔ　　is　necessary　to

measure　east-west　drift　components　by using ａ　different　technique

and　to　clarify whether　they　are　Important　or　not.

3.2.3. Scintillation　event　on　July　5-6, 1982

　　　　　Results　of　the　scintillation　event　on　July　5-6,　1982　are

shown　in　Figure　３．３using　the　same　format　as　that　of Figure　3.1.

strong　scintillations　occurred　during　several　periods　and　lasted

until　0430　LT.　　Although　spread-F was　observed on　the　Kokubunj １
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ionograms,　it was　sporadic　and　did not　always　correspond　to　the

appearance　of　strong　scintillations.　The　lack of　correspondence

may　be　　due　to　the　long distance　（２００　ｋｍ）　between　the　　two

observing　points：　　Kokubunj1　and ETS-2　sub-Ionospheric　point・

Sporadic-E was　also　observed　at　Kokubunj ｉ　at　2100　and　2115　LT　but

ｆ Ｅ　was　less　than　ｇ MHz.
　Ｏ　Ｓ

　　　　　The　　drift　velocities　changed　their　direction　in　ａ　quasi-

periodic　manner.　The　magnitude　of　the　drift　velocities are

essentially　less　than　５０ m/s.　工ｔ　is　interesting　to　note　that　the

correspondence　between　the　northward　drifts　and　the　uplift　of　ｈ゛Ｆ

was　seen　for　two periods：　2336-2324　LT and　０３０８－0500　LT.However,

this　is　not　true　for　the　period　0120－0200　LT. It　is　supposed　that

the　northward　drifts　during　this　period　happened　only　In　ａ

localized　area around　the　sub-Ionospheric　point　of　ETS-2. At　0200

LT.　the　　drift　direction　changed　from northward　to　southward　in

the　midst　of　strong　scintil:Lations.　At　the　same　time,　ａ　steep

increase　　in　TEC　started.　This　situation　is　similar　to　the

reversal　at　００３６　LT on July　22 (Figure　3.1).　From Figure　３．１　and

3.3,　it　can　be　pointed　out　that　the　northward　drifts　are

associated with　the　depletion of TEC and vice　versa.

　　　　　The　mean　value　of　the　normalized　characteristic　velocity

ｖｃ／ｖｏｆｏｒ　thewhole　scintillation　event　in Figures　３．１　and　３．３　is

0.32,　with　upper　and　lower　quartile　values　of　0.45　and　0.20.

These　values　are　almost　similar　to　or　ａ　little　larger　than　those

obtained　previously (Koster, 1963;　Bramley　and Browning,　1978) .
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Thus,　we　can　conclude　that　in most　cases　　the　random motions　of

the　　irregularities,　although　non-neclleible, do　not　play an

important　role　in　giving rise　to　the　scintillations。

　　　　　The　ellipses　of　the　Irregularity patterns　shown　in　Figure

３．３　also　indicate　that　the　irregularities　have　well-developed

field-aligned　structures.　Some　parameters　of　the　ellipses　are

listed　in Table　3.2. In　contrast　to　the　event　on　July　21-22,　the

differences　　In axial　ratio　and minor　radius　between　premldnight

and　postmldnlght　hours　are　not　large.　The　azimuth angle　of　the

major　axis　decreases　from　106.7°in　the　premidnight　hours　to

100.9°in　the　postmldnlght　hours.　This　change　１Ｓ　similar　to　the

event　on　July　21-22　and　suggests　ａ　lowering of　the　　irregularity

height　with　time.

3.2.4. Abrupt　reversal　of　drift

　　　　　Reversals　of　the　drift　direction　from　southward　to　northward。

or　from　northward　to　southward were　often　observed　during　the

nighttime　　scintillations.　　　Most　of　them　appeared　when　the

scintillations　became　temporarily weak (2356,　0304,　and　０４００　LT

on　July　21-22,　and　2324,　0116,　and　０３０８　LT on July　5-6, 1982).

There　occasionally happened　abrupt　reversals　of　the　drifts (0036

LT　on July　２２　and ０２００LT on July　6) In　the midst　of　the　strong

scintillations. Salient　features　of　these　abrupt　reversals　are　as

follows：　(1) reversal　from northward　to　southward, (2) reversal
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during　strong and high-pitch　scintillations,　and　（３）　reversal

accompanied by　steep　increase　in ＴＥＣ。

　　　　　Figure　３．４　shows　the　enlarged　scintillation　record　and　the

cross-correlation　functions　obtained　every　two minutes　from　Ｓ　and

Ｅ　antenna　signals　during 0140-0220　LT on　July　6, 1982 (see　Figure

3.3) .　Ａ　negative　lag time　of　the　peak of　the　cross-correlation

function　corresponds　to　northward　drift　and　vice　versa.　The

reversal　　occurred　between　０２００　and　0206　LT.　　　The　　cross-

corre:Lation　curves　at　0202　and　0204　LT are　disturbed while　others

have　ａ　clear　peak　in　the　corre:Latlon.　　In　the　upper　panel　of

Figure　　3.4.　　no　peculiar　change　or　discontinuity　In　　the

scintillation　record　can be　seen　during　the　reversal.　　These

situations　are　also　applicable　to　the　abrupt　reversal　around　００３６

LT on July　22 (not　shown)。

　　　　　As　has　been pointed　out　above, the　rapid　reversal　０ｆ　・ the

drift　direction　from northward (upward) to　southward　(downward)

is　accompanied by ａ　rapid　increase　in TEC. This　association　seems

to be　similar　to　the midnight　collapse　over　Arecibo　described　by

Basu　et　　ａ１．［1981] .　We　have　also　noted　that　the　northward

(upward) drifts　are　associated with　the　depletion of TEC. Basu　et

ａ１．［1981] interpreted　that　the　variation　in TEC　in　the　midnight

collapse　　observed by　the　Faraday　rotation method was　caused　by

the　up-down movement　of　the　F-layer.　Namely, the　Faraday　rotation

is　controlled by　the　local　magnetic　field　strength.　However, TEC

variations　observed here　are much　larger　than　those　observed　in
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the　midnight　collapse.　　In　order　to　Interpret　these　variations,

１ｔ　seems　more　Important　to　consider　the　large　scale　structure　　In

which　high-density　region moves　downward　and　the　low-density

region　does　upward.　Ａ mechanism for　driving　these movements　may

be　similar　to　that　In　the　equatorial　bubbles [Woodman　and La Hoz,

1976;　Feier　and Kelley, 1980]。

　　　　　Perkins　　［1973］　　proposed　ａ　mechanism　　for　　explaining

midlatltude　spread-F.　In　the　presence　of　north-south　electric

field　in addition　to　the　eastward　electric　field (or　equatorward

neutral　wind) ,　ａ　plasma　instability　grows　resulting　In　the

formation　rising and　falling　sheet　of　Ionization.　The　Perkins

instability　seems　applicable　to　ａ part　of　our　observations

because,　as　shown　in Figures　３．１　and　3.3,　strong　scintillations

appear　for　the　upward (northward　in our　case) motion,　which　can

be　related･to　the　eastward　electric　field.　　However,　　the

irregularities　(scintillations)　appear　during for　the　downward

(southward) motion　corresponding to　the westward　electric　field.

The　role　of medium-scale　gravity waves　may　also be　Important　for

explaining　these　irregularities［Kersley　et　al., 1980].

3.2.5. Distribution of　drift　velocity

　　　　　Usingthe　whole　data　obtained　during the　seven　events　listed

in Table　3.1,　statistical　distributions　of　the　drift　velocities

were　　investigated.　Ａ　total　０ｆ　４３６　drift　velocity　ｖａ:Lues　was
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computed　　(every　８　min) .　　Figure　３．５　shows　the　　azlmuthal

distributions　of　the　drift　velocities　on　the　observation　plane

for　premidnight　hours　(Figure　3.5a)　and　postmidnight　hours

(Figure　3.5b) .　Azimuths　are　divided　into　intervals　of　１５°　and

velocities　Into　Intervals　of　２０　ｍ／Ｓ。

　　　　　Before　midnight,　４７　Ｓ　of　the　drifts　concentrate　　in　the

azimuths　of　１９５°－２１０°　while　the　percentage　of　the　northward

drifts　（Ｏ°－４５°）　is　fairly　small (14　ｔ）． The mean value　of　the

drift　velocities　in　the　premidnight　is　22.7 m/s　for　the　northward

drifts　and　25.9　m/ｓ　ｆor　the　southward　drifts.　　The　maximum

velocity　is　less　than　８０　m/s.　０ｎ　the　other　hand,　１ｎ　the

postmidnight　hours,　the　percentage　of　the northward　drifts　（Ｏ°－

４５°）　increases　up　to　３６　％　whereas　that　of　the　southward　drifts

(195°-210°）　decreases　to　４１　ｔ．　The　northward　drifts　are　observed

mainly　during strong　scintillations.　Although　high　velocities

（＞８０　m/s) appear　at　times, the mean value　of　the　drift　velocities

In　　the　postmidnlght　hours　　is　almost　similar　to　that　　in　the

premidnight　hours：　26.3 ｍ/ｓ　ｆor　the　northward　drifts　and　19.6　m/s

for　　the　southward　drifts.　By　considering that　the　north-south

drifts　may　stem from vertical　drifts.　these　averaged values　of

the　　velocities　　are　essentially　consistent　　with　　previous

observations　of vertical　drifts　using　Incoherent　scatter　　radars

［Evans, 1971;　Taylor, 1974].

3.2.6. Statistics　of　Irregularities
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(a) Distribution　of　irregularity　form

　　　　　Azimuthal　distributions　of major axis　directions （Ｏ°－１８０°）

and　axial　ratios　of　the　irregularity　ellipses　on　the　observation

plane　ａｒｅ　shown　in　Figure　3.6.　Azimuths　are　divided　into

Intervals　of　１５°and　axial　ratios　into　intervals　of　2.5.　Most　of

the　major　axis　angles １１ｅwithin　azimuths　of ９０°-135°　for　both

premidnlght　hours　(Figure　3.6a) and postmidnight hours　(Figure

3.6b) .　　However,　the number of　data with　the azimuths　nearer　to

９０　　increases　in　the　postmldnlght　hours.　　Mean azimuth　angle　of

major　axes　is　106.8°１ｎ　the　premldnlKht hours　and 102.3°１ｎ　the

postmldnight　hours.　　The　decrease　in　the　major　axis　angle means

the　decrease　in　the　irregularity　height　if　the　irregularities　are

field-aligned.　　　Λccording　to　the　azimuths　of　the　geomagnetic

field　lines　projected　onto　the　observation　plane (examples　at　３００

km and　５００　kmheights　are　shown　In Figures　３．１　and　3.3), the　mean

height　of　the　Irregularities　is　roughly　estimated　to　be　３５０　km　In

the　　premidnlght　hours　and　to　be　lower　than　３００　km　In　the

postmldnlght　hours.　Mean　axial　ratios　are　５．７　１ｎ　the　premldnlght

hours　and　６．７　in　the　postmldnlght　hours.　　Namely,　mean　actual

axial　ratios　of　the　field-aligned　irregularities　amount　ｔ０　２２　and

26, respectively.

（ｂ）　Dependence　of　Irregularity　form and　drift　velocity　on Ｓ４

Indeχ

　　　　　Dependences　of　the　axial　ratio,　minor　radius　and　drift
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velocity　of　the　irregularities　on　Ｓ４ index　are　shown　In Figure

３゛７°　Where,　Ｓ４indices　are　classified　into　six groups　　(every

0.2) ,　and　the　mean value (full　circle) and　standard　deviation

(vertical　bar) of　each　data　set　are　shown.　　At　the　top　of　Figure

3.7,　numbers　of　data　in　each　class　of S are　Indicated. The　mean

axial　ratio　(Figure　3.7a)　Increases with　increasing Ｓ４　until

Ｓ４°１｀Ｏ　where　saturation　seems　to occur (the　decrease　　in　axial

ratio　for　１°Ｏ　＜　Ｓ４　く１．２　seemsmeaningless because　of　small　number

of　data) .　　The　average　value　of　the　axial　ratio　is　6.2,　which

corresponds　to　２４　for　the　actual　field-aligned　irregularities。

　　　　　　　The　minor　radius　(Figure　3.7b) tends　to　decrease　with

increasing　Ｓ４゛ The　minor　　radius represents　the　transverse

correlation　distance.　　The　decrease　in　the　correlation　distance

with　increasing　scintillation　intensity may　be　Interpreted　as　ａ

decorrelation　effect　resulting from　the multiple　scattering which

becomes　effective with　Increasing S [Yeh　et　al.,　1975] .　　The

average　value　of　the　minor　radius　is　１８２ ｍ Values　of　the　axial

ratios　and minor　radii　are　essentially　consistent with　previous

results　obtained　by　Koster　［1963］and　Bramley　and　Browning

［19781.

　　　　　Figure　3.7c　sho■ｗｓthe Ｓ４　dependence of　the　drift velocity・

Although　the　standard　deviation　１Ｓ　large,　ａ　tendency　of　velocity

to　become　faster with increasing Ｓ４（く1.0) is　observed. Since　the

drifts　are　primari:Ly　derived　from　the　electric　field.　this

tendency may be　an　indication　that　stronger　electric　field　exists
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for　stronger　scintillations。

　　　　　Consequently,　　our　results　suggest　ａ　tendency　that　stronger

scintillations　are　produced by more　elongated　Irregularities　with

both　smaller　minor　radius　and　faster　drift　velocity.　　In　the

present　study,　the　shape　and　size　of　the　F-region　irregularities

have　been　made　clear.　　In　addition,　two peculiar　observation

results　have　been　brought　ｏｕｔ；　　namely,　　the　scintillation

saturation　and　the　decrease　In　the　correlation　distance　with

Increasing Ｓ４’　which　suggests that　the　multiple　scattering plays

an　important　role　in　the　production　of　the　Intense　scintillation.

Hence, these　results will　provide　ａ　clue　to　the　　Investigation　of

the　　scintillation mechanism,　especially of　the　radio　scattering

mechanism.　　Indeed,　１ｔ　has　not　been understood　well　　１ｎ　the

Intense　scintillations　until　now Further,　by utilizing　the

observation　results,　ａ　realistic　irregularity　model can　be

constructed. In　order　to　solve　these　problems,　numerical

computations　and　additional　considerations　are　necessary

subj ects　will　be　given　in　Chapter　４・

3.3. RESULTS　UNDER GEOMAGNETICALLY Ｄ:I:STURBED　CONDITION

3.3.1. Scintillation　observed on　July　14. 1982

These

Observational　　results　of　the　　scintillations　and　　the
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related　phenomena　associated with ａ major　geomagnetic　storm　on

July　14, 1982　are　described.　This　event　has　features　somewhat

different　from those　under　geomagnetically　quiet　conditions　(see

3.2) .　　Figure　３．８　shows　time　variations　of　the　geomagnetic　Ｈ-

component　at　Kakioka, total　electron　content　（ＴＥＣ）　along　the

radio　propagation　path, drift　velocity vector　(apparent　drift

velocity), radio　signal Intensity, and S　Index　during ｏ　ｈ　to　１１

ｈ LT　on　July　14, 1982。

　　　　　The　scintillation　Intensity increased　gradually　from　ｏ　ｈ　and

reached　ａ　maximum near　５　ｈ，　and kept　ａ　relatively　high　level

until　about　0930　LT.　　Oscillations　of　long period (about　ｌ　ｈ）are

seen　　in　the　received　signal　strength.　　They　are　not　the

fluctuations　associated with　the　scintillations　but　those　caused

by　　the　variation　in　antenna　sensitivity　for　the　　rotating

radiowave　polarization.　　strong　scintillations　which　appeared

just　after　１０　ｈare　considered not　to be　ａ　continuation　of　long-

lasting　scintillations　but were　produced by ａ　sporadic-E　layer.

Sclntll:Lations　produced　by　sporadic-E　are　often　observed　in

summer　daytime　almost　regard:Less　of　geomagnetic　activity　［Sinno

and Kan,　1980] .　As　shown at　the　top　of　this　Figure, the　maximum

excursion　of　the　geomagnetic　H-component was　－６３０　nT.　This　storm

was　one　of　the most　significant　storms　ever　observed　in　Japan

[Ogawa,　1986] .　The　scintillation happened　during　the　decreasing

phase　of　the　geomagnetic　H-component　after　the　SSC (storm　Sudden

Commencement) at　0117 LT.
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Fig.　3.8.　　Scintillation　event　on July　１４，　1982.　　From　top　to

bottom.　time　variations　In　geomagnetic　H-component　at　Kakloka,

total　electron　ｃｏｎｔｅｎｔ（ＴＥＣ）ａｌｏｎｇ　the　radio　propagation　path,

irregularity　drift (apparent　velocity) represented by vector　of

which　starting　point　１Ｓ　on　the　time　ａχ１Ｓ，　relative　received

power・and　Ｓ４　index are　shown.
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　　　　　The　morphology of VHF　scintillations　observed　In Japan　was

Investigated by　Slnno　and Ｋａｎ［1980] ,　who　pointed　out　that　usual

nighttime　scintillations　start　around　２０　ｈ　in　the　evening and　end

around　５　ｈ　in　the morning.　　However, the　scintillations　In Figure

３．８　started after midnight (　0130　LT： Ｓ４　reached　Ｏ°2) and lasted

till　about　0930　LT　In　the morning.　　　In addition,　the　intensity

was　considerably weaker　than　the　typical　scintillations　appearing

In　summer　nighttime.　　The　scintillation　Intensity　attains　ａ

maximum of　about　１０　dB peak-to-peak (S°Ｏ°５６）　around　５　h.Even　in

ｇｅomagnetlcally quiet　summer　nighttime, scintillations　over　２０　dB

peak-to-peak (or　Ｓ４≧１）　were　frequently observed　at　１３６　MHz　around

Japan.　　　Another　interesting　feature　In Figure　３．８　１Ｓ　that　the

scintillations　lasted　for　long hours with　an　almost　constant

intensity.　　These　are　very　different　aspects　when　compared with

the　scintillations　described　in　３．２。

　　　　　Ａ　steep　depression of　the　H-component,　which was　one　of　the

marked　points　of　this　geomagnetic　storm,　started　at　0840　LT as

shown　in　the　top　of Figure　3.8.　　During　the　depression,　the

scintillation　amplitudes　did not　change　clearly　compared　with

those　observed before　and　after　the　depression.　　After　０７３０　LT,

however,　the　scintillation　pitch,　which　is　expressed　by　the

number　of　crossings　of　an　average　level　per　unit　　time,　became

much　slower　than before.　　This　indicates　that　the　spatial　scales

of　the　irregularities　became　larger　than before.　By　the　way.　１ｎ

the　event　shown　In Figure　3.8, no　scintillations were　observed　at
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4-GHz wave　from CS (Medium Capacity Communications　Satellite　for

Experimental　Purposes, Sakura).

3.3.2. Movement　of　irregularities

　　　　　For　　this　scintillation　event,　full　correlation　analysis

could　not　be　made　because　the　scintillations　were　not　so　strong

（ａｓ　　comparedwith　the　results　In　the　previous　sections) that　the

computed　　correlation　functions　were　not　　enough　　reliable.

Therefore,　only　the　apparent　velocities　obtained　from　the　peak

points　of　the　cross-correlation　functions　are　shown　in　Figure

3.8.　　Though　the　magnitude　of　the　apparent　velocity　is　always

larger　　than　that　of　the　　real　drift　velocity,　the　apparent

velocity　can　give　roughly　the motion of　the　irregularities. It　is

noted　that　the　difference　between　apparent　and　real　drift

velocities　arises　from　the　magnitude　of　characteristic　　random

velocity ｖｃ (see　equation (2.20)).

　　　　As　shown　In　Figure　　3.8,　the　　Irregularity　drifts　were

directed　southwestward　in　most　periods　of　the　scintillations.

Their　velocities　were　between　１００　and　２００　m/s　throughout　　the

scintillations.　During two　periods　of　0230－0250　LT and　0850－09３０

LT.　　the　　drifts　reversed　and　were　directed　northward　　or

northeastward. During　these　periods, the　geomagnetic　H-component

decreased　steeply.　　The magnitude　of　drifts were　５０－１００　m/s　　in

the　first　period and about　２００m/s　in　the　second period.

１０１



　　　　　Drift　directions　obtained　during　geomagnetlcally　　quiet

nighttime　were　often along the　southwest　and northeast　direction

(see　Figure　3.5) .　which　is　siml:Lar　to　the　results　in Figure　3.8.

Abrupt　reversals　of　drift　directions were　also　observed　in　quiet

night.　However,　the magnitudes　of　drifts　in Figure　３．８　are much

larger　than　those　in　quiet　times.　Note　that　the magnitudes　of

apparent　velocities　are　slightly　larger　than　those　of　real　　drift

velocities　in　quiet　times;　　they　are　typically between　５０　and　１００

m/s.　　Therefore,　two　possibilities　are　suggested　from　these

results;　　　the　drift　velocities　and/or　characteristic　random

velocities　were　ヽmuch　larger　in　the　storm condition　than　in　the

quiet　condition.　In　fact,　it　is　reported　that　fast　westward

drifts　were　observed　during geomagnetic　　storms　by　IS　radar

［Blanc,　1983] .　　Large　characteristic　random velocities　mean　ａ

large　variability　of　real　drift　velocities　in　time　and/or　　In

space。

　　　　　One　of　the　Interesting　features　to　be　noted　for　this

scintillation　event　１Ｓ　the　reversal　０ｆ　drift　corresponding　to　the

abrupt　decrease　in　the　H-component.　　Especially, the　decrease　in

the　H-component　near　ｇ　ｈ（ＬＴ）１Ｓ　supposed　to have　been　caused　by

the　auroral　　substorm-associated　currents which　extended　toward

Japan　[Ogawa,　1986] .　　１ｔ　Is　strongly　inferred　that　the　drift

reversal　is　closely　related with　this　peculiar　current　system.

3.3.3. Scintillation power　spectra

１０２



　　　　　Power　　spectrum of　scintillation　can　give　Information　of　the

structures　of　Ionospheric　irregularities.　Figure　３．９　shows　power

spectra　at　0500　(a) and 0852 ＬＴ（ｂ）　on　July　１４．　　They　were

obtained　by　the　FFT (Fast　Fourier　Transform) analysis　of　the　data

for　２５６　ｓwith　ａ　sampling period of　0.25　s. According　to　the　weak

scintillation　theory,　power　spectra　are　usually　composed　of　two

parts：　　the　higher　frequency　part　showing　ａ　power-law　type

decrease　with　increasing frequency　and　the　lower　frequency　part

showing　almost　constant　magnitude　not　depending on　frequency

［Rufenach,　19721 .　　工ｎ fact,　both　spectra　In　Figures　3.9a　and　ｂ

are　composed of　these　two　parts.　　However,　the　slopes　at　higher

frequency　parts　are　evidently　different　from　each　other;　　the

slope　in Figure　3.9a　Is　very　steep　and　１Ｓ　proportional　ｔ０１ﾉ‾７　Ｄ

is　the　fluctuation　frequency) .　Namely, the　spectral　index=7.　０ｎ

the　　other　hand,　the　spectral　index　In　Figure　3.9b　１Ｓ　about　３．

The　　spectral　Indices were　５－７　during　the　period　of　４　ｈ－６　ｈ　（ＬＴ）

on　July　１４．　They　became　３－４ near　the　drift　reversal　which

appeared　around　ｇ　ｈ。

　　　　　Spectral　　indices　are　about　３　for　usual　scintillations

［Rufenach,　1972 ；　　Crane ， 1977］and　indices　over　５　are　rare.　The

spectral　indeχ　Γeflects ｗａvenuraber　spectrum of　the　irregularities

(see　section　1.3.2).　When　frequency　spectrum　is　proportional　to

ν‾ｐ，　　one-dimensional　wavenumber
spectrum should be proportional

to ｋ‾（ｐ‾１）（ｋ　is　the　wavenumber)［Rufenach,　1972] .　　Therefore,

the　　one-dimensional　wavenumber　spectra　of　the　　Irregularities
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around　５　ｈ（ＬＴ）ｏｎ　July　１４　are　considered　to　be　proportional　　to

ｋ‾６．　　Namely,　the　　irregularities　had unusual　structures　which

might　be　affected by　some　storm　effects.　　For　the　scintillations

around　ｇ　h, these　unusual　structures　seem　to have　been　diminished

in　terms　of　the　wavenumber　spectrum of　the　irregularities.

３。3.4. Total　electron　content (TEC) and　traveling　Ionospheric

　　　　　　　disturbances (TIDs)

Time　　variation　in　total　electron　content　（ＴＥＣ）　１ｓ　also

shown　in　Figure　３．８

Increased

The　TEC　decreased until　４　ｈ　and　then

During　scintillations　wave-like　variations　of　TEC

having　periods　from　several　to　ten minutes　are　often　observed

[Slnno　and Kan,　1978] .　　This　kind　of variation　in TEC　is　also

seen １ｎ　this　Figure. Systematic　relations　　between　　the

Irregularity　drifts　and　the　TEC are　not　clear　as　compared　with

those　In　3.3.

　　　　　Wave-like　variations　in TEC　from ４　ｈ　ｔ０　８　ｈ，　１ｎ　spite　of

small　amplitude,　was　also　observed at　KokubunJ ｌ　and Yamagawa　in

the　　same　136-MHz　Faraday　rotation　observations. The　　TEC

variations　obtained　at　the　three　stations　are　shown　in　Figure

3.10.　The　locations　of　the　stations　were　shown　In Figure　2.8.

The　　distance　between　Hlralso　and Kokubunji (120　ｋｍ）　１ｓ　much

smaller　than　that　between　Hiraiso and Yamagawa (1020　km) .　　That

１Ｓ the　reason why　the　correlation between Hiralso and　Kokubunj １
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Fig.　　　3.10.　　Time　variations　　in　TECs　obtained　at　Hlraiso,

Kokubunj1,　　and　Yamagawa　on　July　１４ ，　　1982.　　The　ordinate

represents　relative　TEC　along　the　radio path.　　In order　to　make

clear　time　lags　among them,　corresponding points　on wave　forms

are　connected by　broken　lines. Propagation　speed and　direction　of

TEC　variations　律ｒｅ　also　shown.　　As　for　ａ　chain　line, see　the

caption of　Fig. 3.11.
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Is　　good,　while　that　between　Hiralso　and Yamagawa　Is　worse.　　By

comparing　the　TEC　wave　forms,　１ｔ　seems　clear　that　　the　TEC

variations　were　propagated　roughly　southward as　ａTID (Traveling

Ionospheric　Disturbance).　It　may be　somewhat　difflcu:Lt　to　obtain

the　accurate　speed　and　direction　of　the　Ｔ工Ｄ　because　Yamagawa　is

far　from　two　other　stations　and because　the　correlations　between

Yamagawa　and　other　stations　are　worse.　　By　the　correspondences

(broken　lines　　in　Figure　3.10) among　three　wave　forms,　the

propagation　speed　and　its　direction　are　estimated　to be　１４９　m/s

and　１５７°(fromnorth　to　east), respectively.　Namely, the　TID was

propagated　from　the　northwest　to　the　southeast。

　　　　　Figure　3.11　　shows　　the　power　spectrum　of　the　TEC　time

variations　obtained　at　Hlralso　during ０４００－0815　LT.　This　was

calculated　by FFT after　subtracting the　general　trend　shown　in

Figure　3.10　by　ａ　chain　line.　　Although　prominent　frequency

components　cannot　be　seen,　the　components　of periods　of　５１，　２８，

１３min　are　discernible.　　Taking account　of　the　above-derived

propagation　velocity　of　the　TID,　the　wavelengths　of　these

components　are　between　１００　and　５００　km.　　This　kind of　TID　Is

considered　to belong to　the　so-called medium-scale　TID.

3.4. CONCLUSION

Using　three　spaced-antennas,　the　mid-latitude　nighttime
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scintillations　at　１３６ MHz were　observed　during June-July,　1982.

By means　of　correlation　analysis, characteristics　of　ionospheric

irregularities, such as　drift　velocities, sizes　and　shapes　of　the

Irregularities　were　Investigated.　First, analysis　was　made　for

seven　　scintillation　　events　　under　　geomagnetlcally　　　quiet

conditions.　　Since　the　irregularities　were　mostly　elongated

significantly　along　the　geomagnetic　field　lines,　only　drift

components　perpendicular　to　the　elongation were　obtained。

　　　　　Results　are　summarized　as　ｆ０１１０ｗＳ：(1)Most　drift　directions

were　southward　or　southwestward.　　In　the　postmldnight　hours, the

northward　drifts　sometimes　appeared.　　Although high　northward

drifts　　exceeding　８０ m/s　were　occasionally　　observed, mean

northward　and　southward　drift velocities　were　almost　equally

２５　m/s　and　２３ m/s,　respectively. (2)　Reversal　０ｆ　the　　drift

direction　from　southward　to　northward　or　northward　to　southward

occurred　occasionally.　　Peculiar　and abrupt　drift　reversals　from

northward　to　southward were　observed　in　the　midst　of　strong　and

high-pitch　scintillations.　　They　were　accompanied by　ａ　sharp

Increase　in TEC,　which may　be　due　to　the　downward motion　of　the

Irregularity height.　（３）Ｔｈｅ　shape　and　size　of　the　irregularity

pattern　(ellipse) projected　onto　the　plane　perpendicular　to　the

radio　path were　examined.　　The　directions　of major　axes　of　the

ellipses　were　coincident　with　those　of　the　geomagnetic　field

lines　at　F-region height,　which　suggests　that　the　Irregularities

are　well　field-aligned.　From　time　variation　of　the　direction　of
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the　major　axis,　decrease　in　irregularity height　with　time　　Is

suggested.　（４）　The　axial　ratio　of　the　Irregularities　　increased

and　the minor　radius　of　them decreased with　increasing Ｓ４゛ The

latter　result　suggests　that　the multip:Le　scattering　plays　an

important　role　in　the　production of　the　intense　scintillations.

　　　　Second, observational　results　of　ａ　scintillation　event　which

occurred　on　July　14, 1982　during　severe　geomagnetic　　storm　were

descrjbed.　　These　results　have　the　following features　which are

somewhat　　different　from　those　observed　under　geomagnetlcally

quiet　conditions：　（１）Ｔｈｅ　occurrence　hour　was　too　late;　　they

started　after　midnight　and　lasted　until　0930　LT.　（２）　The

irregularity　drifts　(the　apparent　velocities)　were　very　high

（１００－２００　m/s).　(3) When　the　geomagnetic　H-component was　　steeply

decreasing,　the　drift　direction　reversed　from　southwestward　to

north　or　northeastward.　　（４）　The　spectral　indices　of　　the

scintl:Llation　spectra were　larger (～7) than usual, which　means

that　the　slopes　of wavenumber　spectra of　the　irregularities　were

also　steep.　(5) TID-llke　fluctuations　propagated　southeastward

were　observed　on　the　time　variation　in TEC.　Consequently,　these

results　　suggest　that　the　scintillations　In　this　event　were

produced　　by　　the　　ionospheric　　irregularities　　which　　were

considerably　controlled　and modified by　the　geomagnetic　　storm

effect.　　Further　investigations　are　necessary　to　clarify　the

causal　relationship　among above　five　items.
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CHAPTER　４

ANALYSIS　OF　RAD10WAVE　SCATTERING　FOR　INTENSE　ＳＣ]:NTILLATIONS

　　　　　　　　　　　　BYFOURTH-MOMENT EQUATION METHOD

4.1. INTRODUCTION

In　recent　years, much attention has　been paid　to　the　Intense

scintillation

waves.

phenomena　appearing on　transIonospheric　　radio

It　is　considered　that　the　multiple-scatterIng　mechanism

may　play　an important　role　in　these　Ionospheric　scintillations

［Vats,　19811 .　　１ｎ　fact,　amplitude　scintillations　have　been

observed　in　the　GHz　band of　satellite　radio waves　often　in　the

equatorial　latitude　in association with plasma bubbles［Basu and

Basu,　1981;　　Basu　et　al. ,　1983] ,　and　sometimes　in mldlatitudes

【Ｏｃａｗａ　et　al.,　1980] .　　１ｎboth　cases,　１ｔ　is　observed　that　very

Intense　scintillations, which may　reach　saturation　levels, appear

also　in　the　VHF band。

　　　　In　order　to　study　the　　Intense　scintillations　and　thel「

generation　mechanism, several　analyses　have　been made　In　respect

to　　the　frequency　dependence　of　scintillation　Intensity　and　the

scintillation　power　spectra［Umekl　et　al.,19７７ａ-.　Vats, 1981;　Basu

et　　al. ,　1983:　　Franke　and　Liu,　1983] .　　Auto-correlation　time

(I.e.,　　coherence　time)　１ｓ　known　to　decrease　for　　intense
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scintillations【Umekl　et　al. .　1977b;　　Vats,　1981;　　Basu　et　ａ１・ ，

1983;　　Franke　and Liu,　1983] .　Franke　and Ｌｉｕ［1985］pointed out

that　the　decrease　in　coherence　time　can be　ａ　good　indicator　of

the　perturbation　strength　In　intense　scintillations　even　when

the　Ｓ４index　reaches　its　saturation　value　of unity・

　　　　Solving　the　fourth-moment　equation (parabolic　equation)　１ｓ

one　of　the　powerful　theoretical　approaches　to　treat　the　　intense

scintillation　　problem　involving　multiple-scattering　　effects

［Tatarskli,　1969;　　Brown,　1972a;　　Liu　et　al., 1974;　Yeh　et　ａ１・，

1975;　　Booker　et　al. ,　1985;　　Gozanl,　1985] .　　Liu　et　ａ１．［1974］

showed　ａ　numerical　scheme　to　solve　this　equation　for　ａ　two-

dimensional　　transionospheric　propagation　model.　　Using　this

scheme,　the　decorrelation　effects　in　space　and　frequency　domains

were　　Investigated　for　ａ　power-law　spectrum　of　　Ionospheric

Irregularities［Yeh　et　al., 1975;　Liu and Yeh, 1975;　Yeh　and Liu.

1982] .　　Vats［1981]　showed ａ　good　consistency between　the　multl-

frequency　scintillation　observations　and　the　results　obtained　by

this　theory,　with　respect　to both　the　frequency　dependence　of　Ｓ４

index and　the　coherence　time。

　　　　Measurement　of　ａ　spatial　correlation function　can　provide

another,　and　　more　direct,　way　to　compare　measurement　results

with　theoretical　ones　and　to　investigate　the　scattering　process.

The　　　three　　spaced-recelver　　measurements　　of　　　ionospheric

scintillations　described　in　the　previous　chapter　can　contribute

to　this　kind　of　study・
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　　　　　Two　peculiar　results which have　been　found　in　Chapter　３，

I.e. .　the　scintillation　saturation　and　the　decrease　　In　the

correlation　distance　with Increasing　Ｓ４’ suggest　that　the

multiple-scattering　plays　an　Important　role　in　the　production　of

Intense　scintillations.　　工ｎ　this　chapter,　in order　to　Interpret

the　observational　results　　in　terms　of　　multiple-scattering,

numerical　computations　are　made　by　applying　the　fourth-moment

equation ｍｅｔｈｏｄ［Kumagal,1987]. First, the　method　of　computation

and　　the　numerical　model　are　outlined.　　Second,　results　of

numerical　computations　are　shown.　Third, comparisons　between　the

observational　and　computational　results　are　presented, and　then　ａ

model　of　the　Ionospheric　density　Irregularities　　Is　considered

together with　the　frequency　dependence　of　the　scintillations.

4.2. COMPUTATION OF　FOURTH-MOMENT EQUATION

4.2.1. Computational　model

　　　　　Ａ　vertical-incidence　ionospheric model　shown　in Figure　４.1

1ｓ　used　in　the　numerical　computation.　Ａ plane　wave　is　assumed　to

be　Incident　on　the　top　of　the　Irregularity　slab (z=0),　which　is

statistically　homogeneous　and　confined between　ｚ＝Ｏ　and　z=L.　In

addition,　the　irregularities　are　assumed　to　be　anlsotroplc;　　the

anlsotropy　axis　is　parallel　to　the　Incident　radio　path.　The
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Fig.　　4.1.　　Geometry of　ionospheric　scintillation model. A plane

wave　　is　vertically　incident　on　the　top　of　the　Irregularity

slab,　which　is　confined　0<z<.L.　Anisotropic　irregularities　are

also　considered.　their　anisotropic　axis　Is　parallel　to　the　radio

path.
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irregularity　slab　Is　characterized by　the　dielectric　permittivity

e =< e >［１十£1 (r)］ (4.1)

were　　＜　＞　denotes　an　ensemble　average　and　　ｓ t(r) is　ａ　random

function　　of　position.　　　After　the　wave　emerges　from　　the

irregularity　slab,　it　propagates　in　free　space　until　１ｔ　arrives

at　the　receiver　on　the　ground。

　　　　The　assumption　of vertical　incidence may be　inconsistent　with

the　　observation　geometry　for　which　the　incidence　angle　　to　the

Irregularity　slab　is　about　４５°(see　Figure　2.9) .　However, It　has

been　　shown　that　the　dependence　of　the　incidence　angle　on　the

scattering　characteristics　becomes　weak when　the　slab　thickness

Is　much　larger　than　the　correlation　distance　normal　to　the　　slab

［Rlno　and　Fremouw,　19771 .　　This　Is　the　case　for　the　ionospheric

irregularities　concerned　here.　The　angle　between　the　radio　path

and　the　anisotropy axis (direction　of　elongation) seems　to　be　　ａ

more　　Important　factor　to　control　the　diffraction　effects [Briggs

and　Parkin, 19631. In　fact, the　assumption　that　the　radio path　１Ｓ

parallel　　to　the　anlsotropy　axis　is　rather　approximate　　to　the

actual　value　of １５°．　　Therefore,　to　ａ　first　approximation, the

model　geometry　in Figure　４．１　will　give　meaningful　results　to

interpret　the　observational　results　shown　in　3.2.　１ｔ　is　remarked

here　　that　the　path　length　In　the　computation ｗ１１:Ｌ　represent　the

slant　path　length　In　the　actual　observation　geometry・

It has been　　found　　from　　ground-based　　scintillation
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observations [Rufenach,　1972】and　in-situ measurements［Dyson　et

al. .　1974］　that　the　ionospheric　density　Irregularities　have

power-law　spectra for which　the　three-dimensional　spectral　　index

Is nearly 4, i.e.,

Φ（ｋ）∝ｋ’４ (4.2)

where,　　　Φ　　and　ｋ are　the　three-dimensional　　spectrum　　and

wavenumber, respectively.　In　our　observation　described　above, the

frequency　spectra　for　relatively weak scintillations　（Ｓ４三Ｏ°４）

also　showed power-law　type,　for　which　the　mean value　of　spectral

index　ｑ was　3.1 (q=p-l) with　the　standard　deviation　of　０．８。

　　　　　For　ａ　spectral　index　of　４，　the　correlation　function Ｂ（ρ　，ｚ）

１ｓ　given　ｂｙ［Yeh and Liu, 1982］

Ｂ（ρ，Ｚ）＝

＜（△ｎ／ｎｏ）２＞

（ｋｏ　ｐ２十ｚ２／７２十ｒ ･2）９2

√k 0 r i Ｋｌｚ２（ｋｏｒｉ）

・ＫＩ，２（ｋｏ　ｐ２十ｚ２／７２十ｒ i2 ） (4.3)

where　　ｐ　is　the　transverse　coordinate, ｒｉ　the　inner　　scale, ｋｏ

（゛２″／ｒｏ）the　wavenumber corresponding　to the　outer　scale ｒｏ゛and

ｋ　ｒ．
　０　１
＜＜　１　　is　always　　implied. Ｋ１／２and （（△ｎ／110）２）　denote　　the

modified　Bessel　function　of　１／２　th　order　and　the　mean　square

value　of　electron　density fluctuation,　respectively.　　　７　１ｓ　the

anisotropic　factor　representing　that・the　scale　length　in　the　ｚ

direction　is　　７　times　as　large　as　that　　in　the　　transverse
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direction. Recently, the　two-component　power-law　spectrum model

（ｌｎ　which　the　spectral　index　is　not　unique　for　ａ１１　wavenumbers)

１Ｓ　considered　to　be　ａ　plausible　model　０ｆ　the　　ionospheric

irregularities　［Franke　and　Liu,　　1983,　1985] .　　The　present

computation　can be　easily　applicable　to　this　model.

4.2.2. Fourth-moment　equation

　　　　We　first　give　the　basic　assumptions　which　are　usually　used

in　the　wave　propagation in　random media［Liu　et　al. ,　1974:　　Yeh

and Liu, 1982］：

（１）〈Ｓ １２＞ｋ９＜＜１ (11)〈ｓ １２＞ｋｚ〈〈　１〈〈k2, (iii) z≫2

where　＜ｓｌ１２＞　Is　themean　square　value　of　fluctuating part　of　the

dielectric　permittivity, and ｋ，２　,and　ｚ　are　the wave　number, the

characteristic　length　of　the　random medium, and　the　distance　that

the　wave　has　traveled　in　the　random medium, respectively.　Even　if

the　anlsotropy　is　introduced,　these　relations　are　assumed　to　be

still　satisfied。

　　　　The　fourth moment　of　the　field　Is　expressed　as

ｒ４　（α,Ｉ’β,Z)=<U(P1,
Z)U'(P2, Z)U(ρ3, Z) U'(ρ4 , Z)> (4.4)

where p ＼　ｉｓ･the　transverse　coordinate,　ぽ’ρ１’ρ２．　　β＝ρ２-ρ３,※

and　ｕ　is　the　random　complex　amplitude　of　the　wave　propagating　in

the　　ｚ　direction.　The　asterisk　denotes　complex　conjugate.　　The

^Contribution of P4　ｔｏΓ４-can　be　Ignored【Brown, 1972b].
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partial　differential　equation　that　governs　the　propagation　of　the

fourth　moment　of　ａ plane wave　in　ａ　two-dimensional,　random　and

homogeneous　medium　ｉｓ［Brown,　1972a:　　Brown,　1972b ；　Liu　et　ａ１・，

1974;　Yeh　and Liu. 1982］

｛

∂

-

∂ζ

十ｊ

　∂２

-

∂ξ∂η
－ｇ（ξ，η）｝Γ４（α，β, z) =0 (4.5)

where　the　coordinates　are　normalized　to non-dimensional　values

and

ξ＝α／ｒ ｏ，　η＝β／ｒ ｏ，　ζ= z/k ro^

e (f, ij) =-2 ｃｙ（０）＋2（y（ξ）＋2
ly（η）

　　　　　　-<7 (r十η）－（y（1ξ－η｜）

（y（ξ）＝十ｋ３ｒｏ２（Ｄ４／ｆ４）〈（△ｎ／ｎｏ）゛＞ｄ（ξ）

(4.6)

(4.7)

(4.8)

Where　ｆ　and ｆｐ　are　radio　frequency　and　plasma　frequency,

respectively.　　　cl(F ) is　an　Integrated　correlation　function　over

z, which　is given by

ｄ（ξ）＝

１

＜（△ｎ／ｎｏ）２＞

C
B ( f , 2 ) d Z

つつ
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where　Ｋ１　１ｓthe　modified Bessel　function of　the　first　order.

　　　　　The　numerical　method used　here　is　an　implicit　difference

scheme,　which　was　outlined　by Liu　et　al.,［1974］(see　Appendix

Ｂ）．　The　initial　condition　is

r4 (r,　７７， ０）＝１

and the boundary conditions at　ξ→ｏ３　０ｒ　７７→ａ）　are

ｒ４

ｒ４

（ξ

（ξ

→ａ），η. r) =exp {g (f→Ｑ），η）ζ｝

，η→~, r) =exp {g (r,η→ａ））ぐ｝

(4.10)

(4.11)

Once　ｒ ４　is　known,　one　can　compute　the　scintillation　index S

the　transverse　correlation　function C

Ｃ）

S42=r4 (0. 0,ぐ）－１

Ci = {r4 (0.η，ζ）－１｝／Ｓ４２

and

immediately　from (Appendix

（

(4

12〉

１ 3）

The　　transverse　correlation　distance　ｄ　is　defined　as　the　　lenffth
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Ｃ

from　the　origin　to　ａ point　at which　Ｃｌ　falls　to　Ｏ゛５°　Ｓ４　and　ｄｃ

ａｒｅ　directly　compared with　those　obtained by　the　observation.

4.2.3. Parameters　for　computation

工ｎ　the　computation, ( F . '7　) space　Is　divided　Into　two
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dimensional　meshes.　　　The　full　area　to　be　treated　in　the

computation　　should　be　large　enough　as　compared　with　　the

fluctuation　scale　because　the　boundary　conditions　are　applied at

ξ，η　　=oo. On　the　other hand,　the mesh　size must be　small　enough

to maintain　accuracy of　the　difference　computation.　By making　ａ

compromise　between　these　requirements　and　the　computer　resources

available, the　computation area and mesh　size were　selected　to be

２。４　ｒ　and　0.025　ｒ
　　　　　○ ○゛　both

being equal　In　ξ　and　７７　　directions.

Hence, the　number　of mesh　elements　is　１９１　χ　191.

　　　　The　Fresnel　　scale　is　one　of　the　characteristic　scale　sizes

which　rule　field　fluctuations　taking place. The　size　of　the　first

Fresnel　zone　is　given by　ｄＦ　°　匹　’ where　λ　is　the wave

length　and　Ｌ　Is　the　thickness　of　irregularity　slab [Yeh　and　Liu,

1982] . The　Fresnel-zone　size　increases with　the　propagation

distance.　By　setting　the　＞Ｎａve　frequency　of　１３６　MHz　and　the

propagation　distance　of　６００　ｋｍ（　F-reglon　irregularities) ,　the

first　Fresnel-zone　size　is　about　1100　m．　In order　to　handle　the

fluctuation　of　this　size,
o　should

be much　larger than　ｄＦ

［Booker　et al. ,　　1985］‘　　Inview of　the　foregoing, o　is　taken　to

be　３０００　ｍ．工ｔ　is　ascertainedbeforehand　that　for　this　value　ｏｆｒｏ

the　fluctuations　with　the　Fresnel　scale　can be　taken up　properly

up　to　the　propagation　distance　of, at　least, 600　km. The　validity

test　of　ｒｏｗ１１１　be　shown　later.　In　the present　computation, the

inner　scale　r. was　not　introduced ［Yeh et　al. .　1975] .　　１ｎ　this

case,　the　practical　inner　scale　is　considered　to be　the　same　as
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the　mesh　size, I.e.　ｒ１°0.025　o［Booker　et　ａ１。. 1985]。

　　　　The　computations　are　made　for　two　cases：　　thin　and　thick

irregularity　　slabs,　　both　for　various　values　　of　　density

fluctuation　amplitude.　We　express　the　propagation path　length　by

ｈ　（＝　　ｚ　－　Ｌ／２）　uniformly　inboth cases.　Ａ　parameter　Ｃ　Is

introduced　to　represent　the　density　fluctuation

Ｃ＝４-ｋ３ｒｏ３（Ｄ４／ｆ４）＜（△ｎ／ｎｏ）２＞ (4.14)

The　numerical　parameters　are　tabulated　in Table　4.1,　１ｎ　which

both　normalized　and actual　values　are　shown.　ｈ　represents　the
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ｏ

path　length　at which　the　computational　results　are　compared with

the　　observational　ones.　Ａ　glance　at (4.9) makes　clear　that　the

anlsotropy　factor　　　７　acts　as　If　the　density　fluctuation　Ｃ

Increases　　７　times　that　in　the　case　of　7=1.　with no　any　other

changes.　　Therefore,　the　computation　is　carried　out　only　in　the

Isotropic　case　( r =1)　and　then　the　effect　of　anlsotropy　　１Ｓ

evaluated　　by　combining　the　results　of　　different　　density

fluctuations.　The　accuracy　of　the　computation　１Ｓ　ｅχamlned　by　the

conservation　ｌａｗ［Tatarskii. 1971］

∂

-

∂ζ

戸

－Ｃ心

{Ta (0. T}， r) -1} dη＝０
(4.15)

In　the　worst　case,　the　error　throughout　the　computation　amounted

to　１０‾２　atmost.
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Table 4.1. Parameters for computation.　Both normalized and actual

　　　　　　valuesare　listed.

Parameter

Wave frequency

Plasma frequency

Outer scale

Mesh size

Boundary

　
　
　
　
　
Ｐ
　
　
Ｏ

<
Ｋ
｡

V
｡

I
ｓ

　∠１ξ＝∠１η

ξｍａχ ゜ηｍａχ

Integration step　　∠1ζ

Path　length

Slab thickness

力ｏ

£　(thin)

　　くthick)

Normalized

　0.025

±2.375

　0.0001

　0.0175

　0.001

　0.01

Actual

　136 MHz

　　　7 MHz

　3000 m

　　75 m

±7125 m

　2.56 km

　　450 km

　25.6 km

　256 km
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4.3. COMPUTATIONAL RESULTS

4.3.1. Thin　irregularity model

　　　　　First,　computational　results　for　the　thin　and　Isotropic

Irregularity　slab　model　are　shown.　　Figure　４．２　depicts　　the

evolution of　the　scintillation　index S ,　which　increases　with　the

path　length.　Several　values　of　density　fluctuation　are　assumed

through　the　range　from Ｃ＝１００　to　３００００，　which　correspond　to　the

fluctuation level from 1% to １７ｔ In terms of ＜（△ｎ／ｎｏ）
2^1/2

. The

origin　of　ｈ　is　the　center　of　the　slab.　The　abscissa　shows　　the

actual　ｖａ:Lue　of　path　:Length　In km.　The　left　side (h　＝　-12.8　ｋｍ）

corresponds　to　the　incident　point　into　the　slab;　the　thickness　of

the　　irregularity　slab　　is　25.6　ｋｍ（ｄｏｔｔｅｄ　range) .　As　　Is　well

known,　Ｓ４ soon　reaches　ａ　saturation　level （Ｓ４｀１）　　for　high

density　fluctuations.　In　the　case　of　the　highest　fluctuation, an

oscillation appears　at　the　early　stage　of　the　saturation.　In　the

case　of　lower　fluctuations, after　ａ　relatively rapid　ｉｎｃｒｅａｓｅ’Ｓ４

still keeps　slow　Increase　until　　the　end　of　　computation

Attainable　Ｓ４　value　at　a path　length　depends　on　the　density

fluctuation　level。

　　　　The　transverse　correlation　function C　is　shown　In　Figure　４°３

１ｎ　　the　case　of　C=100,　the　weakest　density　fluctuation　case　　in

Figure　4.2. The　correlation　functions　seen at　four　different　path

lengths, i.e., at　ｈ＝　90, 295. 500. 705　km are　shown. The　abscissa
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Fig.　4.2.　　Evolution　of S4　index with path　length　in　the
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shows　the　actual　transverse　distance　in ｍ．　The　outer　scale　ｒ　　is

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　○

3000　m．　with　increasing path　length,　the　width of Ｃｌ　becomes

larger　and　Ｃ工 oscillates　resulting　In　the　appearance　of　the

second peak. The　transverse　correlation　distance ｄｃ’　　i.e..　the

distance　at　which C　falls　to　0.5, proves　to　Increase　almost　in

proportion　to　√ｉｌ’　ｄｃ　Is　240 m at　ｈ＝５００　km.　Since　the　Fresnel-

zone　　size　Is　proportional　ｔｏ√h.　１ｔ　Is　considered　that　　the

fluctuation　of　the　field with　the　Fresnel　scale　is　　stimulated.

In　fact,　ｄｃ　is about　one　fourth　of　the　first　Fresnel-zone　　size.

This　　result　Is　consistent with　the　theoretical　results　obtained

by　Crane［1977］although he　computed　the　distance　for　logarithmic

fluctuation　amplitude.

　　　　　The　variation　in d with　Increasing path　length　is　shown　In

Figure　4.4.　　Each　curve　corresponds　to　the　different　outer　scale

o
These　were　all　computed under　the　condition of　the　thin　and

weak　　Irregularities°’　The　Ｓ４Indices　are　less　than　0.17　at　the

end　points　of　all　curves.　　Since　these　curves　remain　in　the　weak

scintillation　range (i.e.,　the　decorrelatlon　effect　seems　not

effective),　ｄｃｗｏｕｌｄ　increase　with　thepath　length　in　accordance

with　the　Fresnel　distance　（ｃｘ：√h) and should　change　along　ａ

straight　line　in　this　Figure.　　The　deviation　from　the　straight

line　is　considered　to result　from　the　insufficiency　of　o　against

the　　Fresnel　distance.　Hence,　this　Figure　may be　used　for　ａ

validity　test　of　ｒ

　　　　　　　　　　　　　　　　　　○

工ｎ　the　case　of　ｒ　= 4000　m, d　lies　almost　on

　　　　　　　　　　　　　　　　-ヽ　　　　　　　　－

ａ　straight　line　throughout　the　range　of　ｈ

１２５

ｒｏ　of　３０００　ｍ　Is　also
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valid　for　h<500　ｋｍ;　deviation　from　the　straight　line　Is　less　than

２ｔ　until　　this　point.　Values　of　ｒ　　less　　than　3000　m　seems
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ｏ

inadequate　In　our　computations. Therefore,　　o　of　３０００　ｍ　１Ｓ　used

In　the　whole　computation.　　However,　this　validity　test　　１Ｓ

essentially　effective　In　the　weak　scintillation　range.　　Since　the

Irregularities with　scale　sizes　larger　than　the　Fresnel　scale　may

contribute　　to　intense　scintillations　［Booker　and　MajldiAhi,

1981], it may be　necessary　to　examine　further　the　effect　of　ｒ　　in
　’　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Ｏ

the　intense　scintillations.

　　　　　ＣＩ　　Inintense　scintillation　is　shown　in Figure　4.5.　The

density　fluctuation　Ｃ　is　１００　times　as　large　as　that　　In　Figure

4.3. C°10000, corresponding to <(△ｎ／ｎｏ）２）１／２゛９°５％゜　Ｃ:Ｅ　is　shown

for　the　same　four　path　lengths　as　in Figure　4.3. The　evolution　of

Ｓ４　with　increasing path　length has　been　already　shown　in　Figure

4.2, in which　Ｓ４ reaches　０．９　and　is　almost　in　saturation　:Level　at

the　path　length of　５００ｋｍ°　　ｄｃ　in Figure 4.5　decreases obviously

compared　with　that　　in　Figure　4.3:　ｄｃ°１４０　ｍ　at　５００　ｋｍ’　In

addition,　the　curves　except　one　at　the　smallest　path　length　are

significantly　smoothed out　and　are　nearly　flat　after　the　　first

minimum　points.　　These　behaviors　are　considered　to be　caused　by

the　decorrelation　effects　associated with　the　strong　scattering.

　　　　　Variation　in　Ｃｌ　at　５００　km path length　is　shown　In Figure　４．６

for　　various　values　of　Ｃ．　　The　Ｓ４　index　for　each　case　　Is　also

indicated　in　the　Figure.　　It　Is　clearly　shown　that　the　transverse

correlation　distance ｄｃ　decreases with　Increasing Ｓ４
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the　case　of　the highest　density　fluctuation　level, ｄｃ　becomes　８０

ｍ　which　is　one　third of　that　for　the　weak　scintillation.　　These

results　suggest　that　the　decrease　In　the minor　radius　observed　In

Figure　　3.7b　　is　successfully　Interpreted　by　　the　　present

computations　and moreover　that　actual　　ionospheric　irregularity

model　can be　constructed.

4.3.2. Thick　and　anlsotroplc　irregularity model

　　　　　Next　computation　is made　for　the　thick　Irregularity　model.

The　evolution　of　ｔｈｅＳ４　index with path　length is　shown　In　Figure

４．７　using　the　same　format　as　Figure　4.2.　The　irregularities　are

still　assumed　to be　Isotroplc,　and　the　slab　thickness (L=256　ｋｍ）

１Ｓ　１０　times　as　large　as　that　for　the　thin model.　Six　curves　are

drawn,　for　each of which　the　density　fluctuation Ｃ　is　０．１　times

the　　corresponding one　in Figure 4.2.　　The　behavior　of　each Ｓ４

curve　is　almost　identical　to　that　shown　in Figure　4.2.　except　at

the　early　stage　of　the　computation。

　　　　　This　similarity between　thin and　thick　irregularity　slabs　Is

explained　as　follows.　Scattering characteristics　are　governed　by

the mean square value of total phase fluctuation ＜△φ２＞ｗｈｉｃｈthe

radiowave experiences during the slab. <△φ２＞ｏｂｅｙＳ【Ｙｅｈet al. .

1975;　Booker　et　ａ１・, 1985】

＜△φ2 >ocL C

１２９
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Therefore, the identical results are obtained for the same ＜△φ２＞

even　if　Ｃ　andＬ　are　different　from　each　other.　　However,　at　the

early　stage the　evolution　of　the Ｓ４　Index　In　the　thick　case　　Is

different　from　that　in　the　thin　case;　　the　oscillations　seen　in

Figure　４．２　donot　appear　in Figure　4.7.　and moreover　ａ　focusing-

like　phenomenon,　although　faint.　appears　in　the　case　of　the

highest　density　fluctuation　in Figure　4.7.

　　　　　The　transverse　correlation　function C　is　shown　in　Figure

４．８　１ｎ　the　case　of　the　weakest　fluctuation (C=10)゜ＣＩ　is　shown　at

four　path　lengths, three　of which　are　nearly　the　same　as　those　in

Figure　４．３ Variations　in　ＣＩ and　ｄ　seen　in　Figure　４．８　are
　　　　　Ｃ

somewhat　similar　those　for　the　thin　one (C=100;　　Figure　4.3)　at

the　　same　path　lengths.　　This　result　also　supports　the　view　that

〈△φ２＞　is　an　ultimate parameter　describing　the　　scattering

property.　　In　addition,　it　is　certified　that　the　expression　for

the　Fresnel　zone, ｄＦ√聶四万is valid　In　the　case where　the

irregularity　slab　Is　rather　thick.　　Therefore, It　is　possible　to

treat　the　path　length uniquely by ｈ＝ｚ－Ｌ／２　regardless　of　the　　slab

thickness.　Thus,　the　behavior　of Cj　in the　case　of　thick　and

Intense　scintillation　is　estimated　from　the　results　obtained　from

thin　　slab case　by　considering　the　factors　representing　slab

thickness (L) and　density　fluctuation　level (C)。

　　　　As　was　mentioned　in　4.2.3.　the　effects　resulting　from

anlsotropic　　irregularities　are　evaluated as　　follows ：　　　the

effective　value　of　Ｃ　in　the　anlsotropic　case　１Ｓ　considered　to　be

１３１
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７Ｃ．　Similarly,　the　effective　density　fluctuation　and　the　total

phase　　fluctuation　　are /7<(△“/％）
2ツ1/2

and

respectively.

７〈△φ２＞，

These　effects　will　be　considered　In　the　next

section　In　relation　to　the　actual　Irregularity model.

4.4. D]:scuss]:ON

4.4.1. Comparison with observation　results

　　　　　From　the　computations　described　above,　It　is　confirmed　that

the　　Ｓ４　index　at　aparticular　path　length　is　almost　uniquely

determined　by　〈△φ２＞　and that　the　correlation　distance　at　ａ

certain　path　length has　ａone-to-one　correspondence　to　the Ｓ４

index. Figure 4.9　shows　the　relation between　the Ｓ４　Index　and　the

transverse　correlation　distance　ｄ　．　　Comparison　is　made　between
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Ｃ

the　computational　and　observational　results.　　The　observed　mean

values of the　minor　radius　of　the　　irregularities　　（５０ｔ

decorrelatlon　distance;　　Figure　3.7b) are　shown　In　Figure　４．９

together with　the　numerical　results　ｏｆｄｃ　at　４５０　km path　length.

It　　is　seen　from　the　numerical　results　　ｔｈａｔｄｃ　depends　weakly　on

Ｓ４　　inthe weak　scintillation　range (S <0.4).　while　　It　steeply

decreases　with increasing Ｓ４　１ｎthe　Intense　scintillation range.

since　ｄ　varies　with　the　Fresnel-zone　size,　the　ｄ　curve　　shifts
　　　　　　　　Ｃ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Ｃ

upward　or　downward with　the　path　length　especially　In　the　weak

１３３
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scintillation range.　　The　variation　ｌｎｄｃ　at　４５０　kmpath　length

is　fairly　consistent with　that　from　the　observation,　especially

In　the　middle　range　of　Ｓ４゛ Therefore,　１ｔ　is　found　that the

observed　decrease　In　correlation　distance with increasing　Ｓ４　can

be　explained　by　the　decorrelatlon　effect　associated with multiple

scattering.　　Moreover, It　is　estimated　that　the　distance　between

the　　receiver　and　the　slab　center　is　about　４５０　km,　I.e. ,　the

irregularity　height　of　３２０　km.

　　　　　However,　the　curvature　of　the　observed　ｄ　is　not　consistent
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Ｃ

with　that　from　the computation.　Especially, the　observed　ｄｃ　does

not　decrease　but　remains　almost　constant　In　the range　of　Ｓ４｀１゛

This　　discrepancy　may　stem from　the　characteristics　of　intense

scintillations　　themselves　because　they　are　so　variable　In　　time

that　　they　scarcely　continues　steadily　during ａ　data　segment　for

processing　(3.2 mln) .　Therefore, actual　value　ｏｆｄｃ　may　have　not

been　detected;　　the　observed value may become　larger　than　the

actual　one.　Also　in　the　range　of　very weak　scintillation,　the

numerical　and　observed　values　are　rather　different　from　each

other.　　The　reliability　of　the　observed　value　is　１０ｗ　in　　this

range　because　there　are　much　data　for　which　the　cross-correlation

coefficients　between　two　antenna　signals　are　not　high　enough　for

the　correlation analysis。

　　　　Another　possible　explanation　for　this　discrepancy　is　as

follows.　　Numerical　results　for　three　power-law　Indices　of　the

irregularity　spectrum are　also　shown　In Figure　4.9.　The　ｄｃ　curve

135



considerably　shifts　upward　for　the　spectral　　index　ｐ＝５　and

downward　for p=3.　　This　variability　ｉｎｄｃ with　ｐ　　is　roughly

explained　In　terms　of　the　correlation　distance　of　irregularity

model;　　the　expression of　the　correlation function　for　ｐ＝４　was

given　in　(4.3).　　It　is　noted　that　the　discrepancy between　the

observed　and numerical　results may be　resolved　if　the　spectral

index　varies　around　the　value　of ｐ＝４　during the　scintillations,

namely,　ｐ　becomes　ａ　little larger　than　４　１ｎ　two　Ｓ４ ranges：

Ｓ４＜Ｏ°２　and　Ｓ４＞Ｏ’８°　　However,this　discussion　Is　not based on　the

observation　results. Recently, a　two-component　power-law　spectrum

model　　for　the　　ionospheric　irregularities　was　proposed　and

considered　to　be　valid　to　explain　the　scintillations　over　ａ　wide

intensity　range［Franke　and Liu. 1983. 1985].　１ｔ　seems　necessary

to　examine　this model　in　the　computations　in　future.　Another

explanation　is　that　the　model　of　the　present　computations　might

not　be　realistic　enough.　　It may be　necessary　to　compute　with　an

oblique　Incidence model.

4.4.2. Electron　density fluctuation model

　　　　　Electron-density　　fluctuation　necessary　to　produce　　the

scintillations　　varies　depending on　the　ｓ:Lab　thickness　and

Irregularity　anlsotropy　factor.　　Three　curves　representing　the

relation　between the density fluctuation ＜（△n/n　）２＞１／２　and　the
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　○　　　　　　　　　　、

Ｓ４　index　at　ａ path　length of　４５０　km are　shown　In　Figure　4.10.
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They　are　thin　and　Isotropic,　thick and　Isotroplc,　and　thick　and

anlsotropic　cases.　The　spectral　index of　the　irregularities　ｐ　１Ｓ

４　for　these　three　models.　The　anisotropy factor,　I.e. the　axial

ratio, is　assumed　to be　24, which　１Ｓ　the　mean value　observed (see

3.2) .　Ａ　density　fluctuation　over　１０　％　１Ｓ　necessary　for　　the

scintillation　to　reach　the　saturation　level　In　the　thin　and

isotropic　case.　工ｎ　the　thick and anlsotroplc　case, the magnitude

of　　density　fluctuation necessary　for　saturation　decreases　over

one　order　relative　to　that　In　the　former　case. The　observed　axial

ratio　was　not　constant　but　Increased with increasing　Ｓ４ (see

Figure　3.7a) .　When　this　effect　is　taken　into　account　in　Figure

4.10, the　slope　of　the　curve　becomes　steeper.

4.4.3. Frequency　dependence　of　scintillation

　　　　　Using　the　irregularity　models　described　above,　　１ｔ　　is

possible　to　investigate　the　frequency　dependence　of　scintillation

intensity.　　　This　　is　　especially　useful　to　　estimate　　the

scintillation　Intensities　at　higher　frequency　radlowaves　because

radlowaves　above　UHF　band　are　being used　in　many　satellite

communications　and　control　links.　　　Figure　4.11　　shows　　the

scintillation　index S　at　three　frequencies, １３６MHz,　４００　MHz,

and　１．５　GHz　versus　densityfluctuation.　The　thick (L=256　km) and

Isotropic　　irregularity model (see　Figure　4.10) is　assumed.　　　In

the　range　of　small　density　fluctuation.　Ｓ４　for　all　the　three

１３８



　the

same

×
３
ａ
Ｚ
I

４
(D

１．２

１．0

0.8

０．６

０．4

0.2

駒 0.3
１

３

DENSITY FLUCTUATION

〈【△ｎ／ｎｏ】2〉1/2【X】

10 30

Fig.　　4.11.　　Scintillation　　Index Sa　as　a function　of　electron

density　fluctuation <(△ｎ／ｎｏ）２）１／２　computed　for　frequencies　136.

４００　MHz,　and　１．５　GHz.　Thick (256　km) and　Isotroplc　irregularity

slab　Is　assumed.

　
１

ｃ
χ
Ｂ
Ｑ
Ｎ
Ｉ

―

o

　
Ｊ
Ｖ
Ｕ
ｉ
Ｏ
Ｂ
ｄ
Ｓ

０．２　０．４　０．６　０．８　１．０

　　Ｓ４ at　400MHz

Flff.　4.12.　　Spectral　indices　ｎ　for　two　frequencies　against

scintillation　index S^.　　The　irregularity　conditions　are　the

as　those　In Fig. 4.11.

１３９



frequencies　increase with　increasing　density　fluctuation.　　As

density　　fluctuation　　increases,　　　the　　saturation　　of　　the

scintillation　index becomes　apparent,　first　at　lower　frequency.

When　Ｓ４ reaches　the　saturation　level, the　frequency　dependence　of

Ｓ４　becomｅｓ weak; the　difference　ｂｅｔｗｅｅｎＳ４ｓａｔ　１３６　and　４００　MHz

becomes　small　in　the　range　of　density　fluctuation above　10%.　The

Ｓ４ index　at　１．５　GHz　does　not　reach　the　saturation but　　is　about

０。４　at　the　density　fluctuationof　30%.

　　　　　The　　frequency　dependence　of　Ｓ４　１Ｓ　predictedby the　weak

scintillation　theory,　viz. ,　Ｓ４ａ：ｆ‾ｎ’　n=-(2+p)/4(see　(1.27)).

Where　ｆ　is　the　radio　frequency　and ｐ　is　the　index of　the　three-

dimensional　wavenumber　spectrum of　the　irregularities.　　Namely,

the　scintillation　spectral　Index ｎ　Is　１．５when p =4.　　Figure　4.12

shows　the　spectral index ｎ　obtained　from　the　difference　of Ｓ４

Indices　between　two　frequencies　in Figure　４』．１；　　two　curves　of　ｎ

represent　　the　S ratios　between ４００　and　１３６MHz, and　between

１．５　GHz　and　４００MHz, respectively.　The　abscissa　is　the Ｓ４　index

at　４００MHz.　　The　spectral　Index ｎ　of　two　curves　approach　１．５　at

the　limit　of　the weak　scintillation (S =0).　　１ｎ　accordance　with

the　above　theory.　　However, ｎ　decreases with Increasing　Ｓ４ at

４００MHz.　This　means　the　breakdown　of　the　weak　scintillation

theory,　i.e. ,　the multiple　scattering becomes　effective.　　The

breakdown　appears　sooner　and more　significantly　at　the　lower

frequencies (400/136 MHz) than　at　the　higher　ｏｎｅｓ（1500／４００　MHz) .

The　spectral index ｎ at 400/136 MHz becomes　almost　ｏ　at Ｓ４　（ａｔ

１４０



４００　MHz)=l,　which　means　ｔｈａｔＳ４ｓ　at　these　twofrequencies　are

almost　the　same　and　equal　to　１．　Namely, the　frequency　dependence

vanishes.

4.5. CONCLUS工ON

　　　　The　fourth-order　moment　equation　has　been　numerically　solved

for　　the　ionospheric　scintillation　with　ａ　fairly　realistic

irregularity　model. Evolutions　of　the Ｓ４　Index　and　transverse

correlation　function　were　computed　and　compared　with　　those

obtained　　by　　spaced-receiver　measurement　of　VHF　　sate:Lllte

radlowave　scintillations.　　For　power-law　Irregularities with　ａ

spectral　Index of　4, both　thin　and　thick　slabs　and both　Isotroplc

and　　anlsotroplc　models were　considered.　It　is　found　that　　the

effects　of　these　various models　on　radiowave　scattering　can　be

uniquely　evaluated　by　Introducing　the　total　phase　fluctuation

that　the　radlowave　ｅχperlenced　throughout　the　slab。

　　　　工ｎ　the　computation,　the　decrease　in　transverse　correlation

distance　due　　to　multiple　scattering appeared　in　the　　intense

scintillation　case.　This　tendency　Is　almost　consistent with　that

obtained　from　the　observation.　which　suggests　that　the　multiple

scattering　　Is　　also　　effective　　In　　the　　observed　　intense

scintillations.　However, the　coincidence　between　two　results　was

not　　necessarily　complete.　In　order　to　resolve　the　discrepancy

１４１



between　them,　it　seems　necessary not　only　to　consider　the　power-

law　spectrum model　０ｆ　the　irregularities with　the　index　around　４，

but　also　to　consider　two-component　spectrum model.　In　addition,

１ｔ　　Is　necessary　to　construct　ａmore　realistic　computation　model

such　as　an　oblique　incidence model　to　simulate　the　observation。

　　　　The　　electron　density　fluctuations　necessary for　producing　ａ

strength　of　scintillations　were　estimated.　　Combining　these

results　with　the　observed value　of　the　axial　ratio.　　１ｔ　may　be

possible　　to　build　up　ａ more　complete　model　０ｆ　fluctuation

density.　　　In　　addition.　　the　frequency　dependence　　of　　the

scintillation　intensity　was　investigated. For　　the　　Intense

scintillation,　the　frequency　dependence　of　Ｓ４ｌ　index　becomes

weaker　than　that　predicted by　the　weak　scatter　theory.　　　The

frequency　dependence　almost　vanishes　in　the　frequency　range　below

UHF　band　for　very　intense　scintillation.　　These　results　are

useful　　to　　evaluate　and　to　predict　the　effects　　of　　the

scintillations　on　the　satellite　links　in practical　use.
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CHAPTER　５

SUMMARY AND　CONCLUSION

　　　　　The　present　thesis　deals　with　the　observation　and　analysis

of　　the　mid-latitude　ionospheric　scintillations　on VHF　satellite

radiowave.　The　emphasis　was　put　on　the　study of　the　　spatial

characteristics　of　the　ionospheric　Irregularities　by　means　of

spaced-recelver　observation.　　In　addition, analysis　was　made　for

clarifying　the mechanism of　the　radlowave　scattering for　Intense

scintillations.　　In　the　analysis, comparisons　between　the　strong

scatter　theory　and　the　observation　results　were　made　to　construct

ａ　possible　scintillation model。

　　　　　１ｎ　chapter　2,(1) the method　of　the　correlation analysis　in

the　　case　of　two-dimensional　anlsotropic　　irregularities　　was

introduced.　　The　form　of　the　Irregularities　as　well as　the

irregularity　drifts　can be　derived　through　this　analysis. (2) The

arrangement　of　the　observation　instruments　and　the　practical

method　of　data processing were　also　shown.　（･３）ｌｔ　is　concluded

that　　accurate　drift　velocity　can　not　be　determined　for　the

irregularities　with　large　axial　ratio.　　１ｎ　this　case,　only　the

component　of　drift　velocity　perpendicular　to　the　elongation　axis

of　the　Irregularities　Is　obtained。

　　　　　In　chapter　３，　some　results　of　scintillation　measurements

１４３



were　discussed.　（４）Ｔｈｅ　drift　velocities　obtained were　directed

mostly　northward or　southward　since　the　elongation　axes　of　the

Irregularities　projected　onto　the　plane　perpendicular　to　the

radio　path (the　observation plane) were　almost　always　along　east-

west　direction.　　Mean northward　and　southward velocities　　were

equally　about　２５　m/s. (5) The　Irregularity pattern　projected onto

the　observation plane was　ellipse　with　large　axial　　ratio.　The

directions　of　the　major　axes　were　coincident well　with　that　of

the　geomagnetic　field　line　at　the　F-region height, which　suggests

that　the　irregularities　are well　field-aligned. Mean　axial　ratio

and　mean minor　radius　of　the　actual　　ionospheric　　Irregularities

were　２４　and　１８０ｍ，respectively.　　(6) With　increasing S ,　axial

ratio　Increased while minor　radius　decreased. The　latter　result

suggests　that　the multiple　scattering plays　an　important　role　　in

the　production　of　intense　－ scintillations. （７）　In　addition,

through　the　observation　during ａ　geomagnetic　storm, much　faster

drift　　velocities　and　larger　indices　of　　the　　irregularity

wavenumber　　spectrum compared with　those　under　quiet　conditions

were　obtained.　Also, it was　shown　that　the　drift　direction　is

associated　with　time　variation　in　the　geomagnetism;　　when　the

geomagnetic　　H-component　was　steeply　decreasing,　the　　drift

direction　reversed　from　southwestward　to north　or　northeastward。

　　　　　In　chapter　４，　the　fourth-order　moment　equation method　was

applied　to　the　　ionospheric　scintillation　problem　and　solved

numerically.　　This　method proved　to be useful　to　investigate　　the
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Intense　　ionospheric　scintillation　In which multiple　scattering

may　　take　place.　　　Some　features　peculiar　to　　the　　intense

scintillation　was　successfully　interpreted by　this　theory.　　Main

conclusions　　In　chapter　４　ａｒｅ：　(8) decrease　In　the　　transverse

correlation　distance　observed　during　the　Intense　scintillation　Is

well　　reproduced by　the model　computation.　It　Is　concluded　that

the　multiple　scattering　effect　plays　an　important　role　　In　the

Intense　scintillations　observed.　　（９）　The　electron　　density

fluctuation　　necessary　　to　　produce　ａ　　certain　　degree　　of

scintillation･　was　estimated.　It　１Ｓ　possible　　to　construct　ａ

reasonable　model　０ｆ　the　　irregularities　which　describes　the

development　of　the　scintillation. (10) The　frequency　dependence

of　the　scintillation　intensity was　investigated　in　the　case　that

the　multiple　　scattering　effect　１Ｓ　taken　into　account.　The

frequency　dependence　observed　during　Intense　scintillation　became

weaker　　than　that　predicted　by　the　weak　scatter　theory.　　These

results　are　useful　to　evaluate　and　to　predict　the　effects　of　the

scintillations　on　satellite　links　in practical　ＵＳｅ。

　　　　The　followings　are　the　future　problems　to be　solved：（１）　due

to　　significant　elongation　of　the　　Irregularities　along　　the

geomagnetic　field　lines, it　was　impossible　to obtain　Irregularity

drift　component　parallel　to　the　elongation　In　this　study.　　In

order　to　obtain　this　component more　accurately and　to　clarify　the

behavior　of　the　Irregularities, observations　coordinated　　with

other　techniques　such　as　radar　are　necessary. (2) Investigation
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of　the　mechanism　of　both　generation　　and　behavior　of　the

irregularities　is　left　beyond　the　scope　of　the　present　study.　　工ｔ

seems　an　Important　problem　to　study　the　generation mechanism　of

mid-latitude　irregularities　and how　they　relate　with　equatorial

ones.　The　irregularity　characteristics　obtained here　will　give　ａ

great　help　　to　such　studies.　　（３）　In　the　analysis　of　the

correlation　distance　using　the　fourth-order moment　equation,　ａ

consistency　between　the　theory and　observation was　not　complete

enough.　It　　Is　necessary　to　examine　carefully　the　observed　data

and　also　to　construct more　realistic　computation model　such　as

the　two-component　spectrum　model　of　the　　irregularities　and

oblique　incidence model.
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APPENDIX Ａ.　DERIVATION　OF ＥＱＵΛTIONS (2.29) AND (2.30)

　　　　　The　general　equation　of　an　ellipsoid　centered　on　the　origin

１Ｓ　givenby (2.27)　as

ａｘ２　゛2hxy　＋　by2　＋　2fx ｒ ＋　2eyr　＋　ｃτ２　＝１ (A.I)

This　ellipsoid　Is　shown　In Figure　2.3. We　require　the　equation　of

the ellipse　which　Intersects　the　ellipsoid　with　ａ　　plane

containing　ｔｈｅて-axis　and maklnff an　angle　　Ｚwith　てOx.　Let　the

coordinate　of　length　in　this　plane　be ２. Then

　　　　χ　＝　　２　COSχ

　　　　ｙ＝　ｊ２ sin χ‘

Substituting (A.2) into (A.I) we　have

　　　　９２（ａ　ｃｏｓ２χ ＋　２ｈ　COS X　ｓｉｎχ　＋ｂ　sin X )

　　　　　　　　　　　　＋　２　ｇで（ｆ COS X　＋　ｇ sin X ) + ｃて２　＝　１

(A. 2)

(A. 3)

The　　equations　of　three　ellipses　which　are　formed　on　the　plane

containing　T-axls　and　three　pairs　of antenna baselines　are　given

by (2.26)

a1
Ｉ

２

゛２ｈ１２て　゛b1て

２

＝１

where　１＝１ －３．　　Comparison between (A.3) and (A.4) gives

ｔａ１　°ａｃｏｓ
２χ１　＋　2hcos;ir

1　sinz 1 ●　bsln
ｚ ｌ

ａ２　°ａｃｏｓ
２
χ２　＋　２ｈｃｏｓχ２ ｓｉｎχ２　＋　ｂｓｉｎ２χ２

ａ３　°ａｃｏｓ
２χ３　＋　2hcosZ3

slnz 3　＋　ｂｓｉｎ２χ３

　
１
　
　
２
　
　
３

ｈ
　
　
ｈ
　
　
ｈ

士 ゜fcos X 1　＋　gsln X 1

°f COS X 2　＋　ｇｓｉｎχ２

°fCOS X 3　＋　gsinZ3

(A. 4)

(A. 5)

(A. 6)
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Using matrix notation, (A.5) may　be　rewritten　as

　　　ａ＝Ａ「

where

(A. 7)

　　　　ａ　°【゛１１’ａ２’ａ３１　８　columnvector

　　　　ｒ　＝［a,2h, b］　　　ａ　columnvector

The　elements　of Ａ are　shown　in (2.28).　(2.30)　can　be　derived

from (A.6).
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APPENDIX Ｂ．　SOLUTION OF EQUATION (4.5)

　　　　Ａ　method　to　solve　the　equation (4.5) Is　described　following

Liu　et　ａ１．　［1974] .　The　subscript　４　attached　to　ｒ ４１ｓ　omitted

hereafter. First, (4.5) Is　Integrated　over　ぐ，ｔｈｅｎ

r (f.　η，　n =exp［ｇ（ξ，η）ぐ］

－ｊでｅxp［-g(f.η）（ｒ－ζ）

∂2『

-

∂ξa 77

ｄぐ (B.I)

This　is　ａ　solution　inside　the　Irregularity　slab,　where　Ｏ　＜　ぐ　　＜

　ζ，（ζ。＝Ｌ／ｋｒｏ２）．Ｌｅｔ

ξ＝１△ξ，　η＝ｋ△η，　ｒ＝ｎ△ζ，　and ｇ（１△ξ，ｋ△η) = a ik

Using　ａ　trapezoidal　rule　In　the　Integration　over　ζ≒　　the　second

term　（゜ｌｎ）　１ｎ　the　right　hand of (B.I) at　(i.J.k) is　expressed

as (1　and ｋ are　omitted　if no　confusion)

where

I n °－ｊｅｘｐ［ａｎ△ζ］

・［1△ぐ（ｈ。十ｈｎ-,）＋1△ぐ（ｈ。-1十ｈ。-2）＋1△ぐ（ｈ。-2十ｈ n-3)

十・・・・・・・＋4-△ζ（h2十hl）］

１５９
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h n = exp［－ａｎ△ぐ］

＝－j1△ぐ［

ｈ十　j1△「

∂２ｒｎ

af a n

∂２ｒｎ．１

∂２Γｎ

∂２ｒｎ

１

十exp(a△ζ）

１６０

a^Tn-l
］

∂2ｒｎ-1

9r 9 J7

）

(B.3)

(B.4)

(B.5)

(B.6)

　　　　　　　　　　　　　　　∂ξ∂η

Similarly, at (i,k,n-l)

l ｎ-1 ＝－j exp［a (n- 1)△ぐ］

　　　　　・［4･△ζ（ｈ。-1十ｈ。-2）十を△ぐ（h。-2十ｈ。-3）

　　　　　　　　　　十・・・・・・・＋1△ぐ（ｈ２十hl）］

Combination of (B.2) with (B.4) makes

l ｎ－ l n-iexp ［ａ△ぐ］

　　　＝－j exp ［ａｎ△ζ’］［4-△ζ（ｈ。十ｈ。-1）］

∂２ｒｎ

af a≫7

(B.5) can be　rewritten as

af an

Using the　difference　notation

４△ξ△η

∂ξ∂η

= exp (a△r) (r。-I-j i:△ぐ

［r i ! ,k*l , n― r i-1 ,k*I. n一
ｒ
i*l . k-1,n十r i-1,k-l. n］

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　(B.7)

can be　also　expressed　in　the　similar　form. Substitution

∂ξ∂η



of　them　Into (B.6) yields

ｊμri*i。ｃ．１，ｎ－ｊμr i-4-1,k-l ,n十ｒ i , k, n― jμΓi-1 .k*l,n十ｊμr l-t.k-1,n

　= exp (- a ik△ζ）［ｊμr !! ,k +l,n-1 ―ｊ μr i +1 .k-1 .n-1― r i .k.n-1

where

jμr i-l,k*l.n-l十jμr i-l ,k-l.n-l］

μ゛△ぐ／８△ξ△,７

Here, the　initial　condition　is

　　　ｒ｛ｆ， 　７}, 0) = 1

The　boundary　conditions　are

　　　ｒ（ξ→～． 　ｎ．Ｃ) =exp［ｇ（ξ→ａ=･，η）ζ］

　　　r (f,η→<≫, i" ) =exp［s (f.η→CO) C］

(B.8)

(B.9)

(B.IO)

　　　　　Next,　the　solution　in　the　neutral　atmosphere (　ζ＞ζｏ）　is

considered.　The　integration of (4.5) over　ζ　gives

r (f, n ， r) =r (f.η，ζｏ）－j s'　∂2

IT｡一

d ζ
　　　　　　　　　　　　　　　　　　　゜　∂ξ∂77

(B. 11)

By　using　the　similar　procedure,　the　final　formcorresponding　to

(D.8) becomes

ｊμr i ) ,lt*l,n一 ｊ μr i!,k-i ,n十Γｉ．。.≪-jμΓｉ。1 ,k*l . n十jμΓi。1 ■k-1 ■n
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一

一

［ｊμr i +1,k*l , n。１－ｊμr !),k-I.n-1 ― r i .k, n-1十ｊμr i-1 .k*l,n-1

十jμr i-1.k-1,n-1］

The　Initial　condition　in　this　case　is

　　　　ｒ“（ξ，η，ぐo)=r' (f.η. ro)

(B. 12)

(B. 13)

where　Ｎ　and　ｌ　mean　ｒ　in　the　neutral　atmosphere　and　Ionosphere,

respectively.　　The　boundary　conditions　are　the　same　as　those　　In

the　former　case.

　　　　Define　ａ vector　ｒ　　by

　　　　ｒ゛［ｒｌ，にｎ　r1,2.n　・・・・・　ri.k.n　r2.1.n　・・・・・

　　　　　　　　　　　r2.k･ｎ　・・・・・　ri.l.n　・・・・・　r i ,k.n］　　　　　　(B. U)

Equation　(B.8)　or　(B.12) together　with (B.IO) can be　rearranged

in　the　matrix　form as

　　　Ar = D

where　　Ａ　is　ａ　tridlagonal　block matrix　given　as

Ａ＝

ａ
ｂ
ｏ

Ｃ
ａ
ｂ
ｏ

Ｏ
u

ａ
ｂ

Ｏ
ｗ

ａ
　
　
　
･
　
●

Ｏ
Ｃ
　
参
　
一
　
一

０

一
　
●
　
・

０

０

１６２

―
　
・
　
・
ｂ
ｏ

０

一
　
ｌ
　
ａ
ｂ
ｏ

(B. 15)

Ｃ
ａ
ｂ
ｏ

Ｏ
Ｃ
　
ａ
ｌ

Ｏ
Ｃ
ａ



and

ａ＝ｌ

ｂ＝

c = - b

　
　
　
一

λ
　
　
λ

・
ｊ
Ｏ
・
Ｊ
Ｏ

　
】
　
　
λ

Ｏ
・
ｊ
ｏ

０

０

　
　
λ

Ｏ
・
Ｊ

　
　
　
一

λ・
ｊ
ｏ

入 ０

一
　
一

０

―
＾

･

■

･

え ０

・
　
●
　
●

０

０

　
　
　
　
　
　
　
　
　
　
　
　
　
一

　
　
　
　
　
　
　
　
　
　
λ
　
　
λ

　
　
　
　
　
　
　
Ｏ
・
Ｊ
Ｏ
・
ｊ

　
　
　
　
　
　
　
　
　
　
一

　
　
　
　
　
　
　
え

　
　
　
　
　
・
　
．
ｊ
Ｏ
え
０

　
　
　
　
　
　
　
　
一
　
　
・
ｊ

　
　
　
　
　
　
　
　
　
λ

　
　
　
●
　
●
　
Ｏ
・
ｊ
ｏ

　
　
　
　
　
　
　
λ

．
・
　
・
　
・
ｊ
ｏ

０

●」

０

λ

(B. 17)

The　dimensions　of　ａ ･ b , c　and hence　Ａ　depend on both mesh　sizes

and　boundary　limits　along　ξ　and　η　directions.　　In　the　present

computation,　for　　ξ　and　η　ｅχtendlnff　ｔｏ±2.４　and mesh　sizes　of

△ξ＝　△η　= 0.025,　a , b. and　ｃ　become　１９１　χ　１９１ matrices.　　Ｄ

in　(B.15) Is　ａ vector　that　Includes　both　the　solution　of　　ｒ　at

ｔｈｅ（ｎ－１）ｔｈ　step, r i。k,n-I　，　and　the　boundary values.　(B.15) Is

solved　by　the　recursion　technique　valid　for　trldiagonal　block

matrices.

１６３



APPENDIX　Ｃ DＥＲ工VATION　OF EQUATIONS　(4.12)　AND (4.13)

　　　　u(P ,z)　　is　ａ　random　complex　amplitude　of　　the　　wave

propagating　in　ｚ　direction.　P is　relative　transverse　coordinate

［Brown, 1972b］．　If　one　consider　two-dimensional　space, u(ρ.z) =

ｕ（ρ，ｚ）　without　loss　of　generality.　As　is　given　in (1.25).　Ｓ４　１ｓ

defined by

　　　　　　　　　＜１２＞－＜Ｉ＞２
Ｓ４２＝

＜I＞２

(C.I)

where.　ｌ　is　the　signal　intensity. Ｓ４　１ｓevaluated at (0,r ) and

is　given　by

Ｓ４２＝

＜（Ｕ（Ｏ）Ｕ゛（ｏ））２＞－＜Ｕ（Ｏ）Ｕ゛（Ｏ）＞２

(C.2)

(4. 12)

＜Ｕ（Ｏ）ｕ’（ｏ）＞２

where　we　use u( 0 ) In place　of ｕ（　0.f ).　In the present　study.

only　the　　case　ｏｆ＜ｕ（ρ）ｕ゛（ρ）＞＝１　is　taken　into consideration,

namely,　ｕ　Is　the　normalized amplitude.　　Comparison between (4.4)

and　(C.2)　makes Pi=ρ２＝Ｐ３＝ｐ　4＝０，　which　is　reduced　to　　α＝β゜Ｏ・

Then, the　following equation　is　derived

S42=r4 (0, 0, r) -1

　　　　　Next,　the　cross-correlation　functionbetween　two　points

（Ｏ・r) and ( |:・r ) Is　given as
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ＣＩ＝

＜｛ｕ（Ｏ）ｕ’（Ｏ）－＜ｕ（Ｏ）ｕ°（Ｏ）＞Ｈｕ（ξ）ｕ゛（ξ）－＜ｕ（ξ）ｕ゛（ξ）＞｝＞

＜{Ｕ(Ｏ)Ｕ'(ｏ)－＜Ｕ(Ｏ)Ｕ°(Ｏ)＞}２＞

(C.3)

Comparison　with　(4.4)　makes p i =ρ２＝Ｏ　and　ｐ３=ρ４＝　ξ，　which　is

reduced　to　　α゜Ｏ and β゜ξ

derived.

Therefore,　following　relation　is

ci = {r4 (0． 　5， 　ｔ）－１｝／Ｓ４２

１６５
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