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Imnges of astronomical objects formed by optical tele

scopes Qre considerably disturbed by refraction, absorption 

and scattering in the; a.tmosphore. Parallel rnys origin,c.'l. ting 

from the distant sources undergo differential extinction and 

phase retardation over the telescope aperture which result 

in un[lteady distorted images. Al though these disturbing 

effects were known for a long time and qualitatively studied, 

detailed .studies are rather meagre. A few ~tt,eopt6 at ('1 tE'lS 

at middle latitudes have been made throwing some light on 

the physics of the astrollomica.l seeing. It is known that 

proporties of the atmospheric layers ha.ve qualitative diffe

rences between sites in equatorial and low latitudes from 

those il1 high latitudo areas. The present work aims to 

study these phenomen.a from a low latitude location by using 

sophistico.ted instruments. 

In the past, the knowledge of the exact nature of 

seeing fluctuations had little more than academic interest 

but in till: context of recent introduction of detector 

matrices for astronomical image recording, the subject has 

gainnd importance. Charact~ristic frequoncies and amplitudes 

of thu different comp,onents of these disturbances and their 

reL":",tious with the atmospheric parameters provide some vi tal 

bits of knowledge which could be employed in the building up 

of cl€lar images of astronomical bodies. 



The basic data for tho present study was obtain.ed at the 

Kav~lur Observatory, Indian Institute of Astrophysics (Alt. 

725 M above moan sea lcvel, Lat: +12 Deg 34 min 32.2 Soc~Long: 

78 DOL 49 min 54 Soc East). The 40-inch (I-m) telescope at 

th~ observatory is located at D. height of 20 metros above 

surroundin.g ground atop a tall tower. Consistent differences 

woro b8ine uoticed in seeing as observed in this telescope 

nnd other telescopes closer'to ground, implying considerable 

ill.cfluE.Jr1.cO of thu layers adjacent to ground level. The 40-inch 

(l-m) tc)loscopu is uscd ill. con.jun.ction with a sen.sitive system 

ompll.)ying high G(},in photomultipliors, Whc.ll t',;L1~'\J,,':'tnro rLlld~d flor! 

clCtc:ctor;) aro locntod nt different levels. Fast fluctuations 

in tho recorded photomGtor signals and those of atmospheric 

tu:rbuli.m.co elJ:'e; nna,lyaed by employing appropriatE) mathematical 

mv Gh,)ti,;. Astrollomicfll fJocing as caused by the turbulent la.yers 

,1 L' Lil' aGrtlUsph01'l:: at dtffcrunt IGvols in tho neiGhbourhood of 

thu 25 metro hiGh domo of tho teloscope is investigated. 

~~h.' 1)r0Gont study mo.koG observation!:,l invostigation of 

illlil[,;(; ,d"Lctortion,'] c[luGGd ()s,'3untially by optiC01 inhomogeneities 

i.o.~ r~rrnctivu indox variations in tho atmosphere. The 

1+0-inch t,olcscopc iG UEJod in its oassograinian configuration 

for collccti.nc; i:juoing and scintillation data. The temporal 

int0w::Lty vnri:'.t.Lono of a st:lJ:' on account of bloating up D.lltd 

shrinking d01lJn of ito imngo! r:t. mD.nifestation of astronomical 

ol;cing, are obtain.cd by monitoring the intensity of a small 
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patch ill the focal plane of tho telescope. Information regard

ine scintillation fluctuations is also obtained by using a 

larger diaphragm about 9 seconds of arc in diameter. Records 

of temporal fluctuations in wind speed and temperature, repre

sentative of the movements of local optical inhomogeneities in 

tho medium, in the vicinity of the telescope are obtained simul

taneously with the seeing data. Sensitive micrometeorological 

instruments such as hot-wire anemometer, chromel-alumel thermo

eouplo and bead-:in .... glaea type thermistors are used to obtain 

data on atmospheric turbulence. 

All data pertaining to seeing and atmospheric turbulence 

are recorded in the appropriate channels of a 7-channel philips 

tapo recorder. The data is processed using computer programs 

for TI power spectral " and " coherence II analyses. The chOice 

of th8se mathematical methods and their detnils are discussen 

in the thesis. The results obtained from such an analysis are 

depieted in the form. of plo_te (; t spectral densities against 

frequencios 4nd plots of coherence between astronomical seeiuti 

and atmospheric turbulence at differont frequencies. These 

results reflect the hidden poriodicities in the obeorvcd 

phenomena of astronomical seoing and scintillation and the 

extent of relationship between astronomical seeing and atmos

pheric turbulence, 



Finally, a dotni10d sum-up of the solicnt foatures of 

tho problem undor investigation is given alone with a state

me;nt of th0 limitations involv.ed. Furth€r improvements in 

instrumentation and thooretical work which 1I7ould lead to 

a clearer a.nd deeper understanding of the physics underlying 

tho observed phenomena hnve also been ocntianed. 
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C HAP T E R I 

A~T~ONOMICAL SEEING 

1.1. Introduction ... ... "" 

The sole source of our knowledge of the visible un~verse 

is the light that the distant st~rs and planets send us. It 

is remarkable that so much knowledge concerning the universe 

has been obtained by menns of a simple instrument t the tele-

scope. A simple looking telescope was invented in the early 

17th century a~d Galileo made a series of spectacular disco

veries using it. With the construction of more powerful and 

sophisticated telescopes. progress in astronomy became rapid 

and during the second half of the 19th century came the deve-

lopment of astronomical photography and the spectroseo)e. 

Telescopes used for collecting light from celestial objeQts 

and forming their images are of two typc:.v1z., the refractor 
-

and the reflector. The first refractor was made in Holland 

in about 1608 while the first reflector w~s constructed by 

Sir Isaac Newton and submitted to the Royal Society in. 1671. 

Many large refractors were constructed during the latter part 

of the 19th century.. In recent t1"a10s, the emphasis has been 

on reflectors since a large mirror is easier to make than a 

large lens. 



1--,,2. Abe.£..:rations 

No image-forming system can form a perfect image of a 

finito object. Every imC'lge has defGcts~ c'1.11od aberrations 

and the best that can be done in practice is to see that 

the aberra.tions t~lCl.t would be lUost noticed in a particular 

2. 

experimental arrangement aro Made aD small as possible. von 

Seidel introduced in about 1860 the following classification 

of aberrations. 

1. Slherj.cal aberration: Lensos and mirrors wi th large 

spherical surfaces cannot form an accurato imago of a point 

object on the axis. Usually th8 moro extreme rays arc too 

greatly deviated resulting in apherieal aberration. 

defect can. be minimised in several ways, 

(i) The refracting or re!10cting surface can 

be made aspheric arl.d the aberration removed 

empirically" 

(ii) Spherical aberration produced by a single 

convorging Ions cl:mnot be totally elimiuctted 

but may bc minm:i.sGd by propElr desie;u.. For 

This 

a singl~ annular 2.0118 of the lens, s];herical 

aberration may bo climinated by combininG thG 

positive lens with a negative ltms. The lenses 

are so shaped that tho spherical aberration 

of the negative lens nullifios that ot the 

positive lens 1 



2. Coma: Even if spherical aberration is minimised, we tl5,J' 

still find that the imaee of a point slightly off the 

axj$ is not perfect. This defect is particularly important 

in astronomy, since tho image of a star may look like that 

of a comet and hence the name coma. It can be eliminated 

by the following methods. 

(i) Coma can be eliminated hy choosing radii 

of curvature appropriate to a given 

object position - the so-called 'bending' 

of the lens~ This usually also leads to 

minimum spherical aberration. 

(ii) Coma and spherical aberration arc absen.t 

in any system that obeys Abbe's sine 

condition. 

3. Astigmatism: Astigmatism can be regarded as an extreme 

form of como.; it occurs for very oblique rays. Then a 

bundle of rays cannot pass through an image pOint. 

Instead, it forms a tapering wedge-shaped pencil, the ~dgc 

of the wedge formine what is known as a focal line; all the 

rays pass through this line and then diverge. The rays then 

pass through another focal lin8 3 perpendicular to the first. 

The consequence of this defect is that it is impossible to 

produce a focused image of the outer parts of a plane object 

perpendicular to the axis. For example, if the objoct is 

3 



n spoked whe131 j radial detail may appear to be in focus l.,n (,ltv 

foeDl line a.nd tangGll tial detail in the other. Morco'for t 

sur fa.cOG in which these focal lines occur mG.1.j" !lot ov~n1. btt 

approxima.tely plan.e l thus leadine; to thl;) fourth abE'Jrrll t1 on \> 

vi~., the curvature of field. 

4-. Curvature of field: The removal of astie;rnatisttl t:an '/)<: 

regarded as causing the two line surfaces to coincido, ~nd 

tho romoval of ~urvature of field as making thoso aur!ncoc 

plane. The defects are particularly important in cnm:l;rc'~s in 

which the image .has to 'be on a flat pll\to. !l'he luna 

which is corr-ectad for astigmatism and curvature:> of ri old 

lis ca110d an. an.astigmat. Complex lens SYl!ltUIDS such tlS thii.' 

Zeiss Bonnar lens syst01ll are designed to obtain the ntJcoc

so..ry correcti on. for astigmatism and curvature of f1,(:l<1. 

5. Distortion.: .All image in which tho ~roviolH; l\borl:'11 I;i N1G 

have b.een. corrected is still not necossarily rl. porf(}c t ru P2't

selltatioll of the object; if the mo.gnific.'ltioli:l vnrj (:1'; w:.th 

obliqui ty of the rays then. the shape of thu obj(.:ct IIW.y not by 

reproduced and the imagE) is said to be distorted, if chI.: 

magnification increases with obliquity tho imn~0 of n squarw 

will havo the shape of a pin-cushion nnu. if it d~cro.".\t1l<la 

,vi th obliquity the image will be barrel shaped. By utling 

a symmet~1~ arrangem~nt of two similQr meniscus eonvox 

le~$es placed with their concave surfaces racine G~ch othor 



and with. a stop midway between them, the positive distortion 

of tho first element may be nullified b~ the negative distor

tion of the seco~d e10me~t. For such a lens, distortion is 

absont only when. object and image arc symmetrically positioned. 

When used a.t other object-image distrulces some distortion. is 

present. A symmetrical lens that corrects for distortion and 

spherical a.berration is called ORTHOSCOPIC, or RECTILINEAR. 

6. Chromatic aberratiOn.: Because the refractive index or 
glass is a function of wavelength, an image produ~ed by using 

white light usually has coloured ~dges. This defect is ~own 

as chromatic aberration. 

A rough correction can be made by using two lenses 

separatod by a distance. ~he violent ray is more deviated 

than tho red and so reaches tho second lens nearer to the 

axis than the red ray; it is therefore less deviated by the 

second lens. TIle de"liations ean. be arranged to eOlIloin.e in. 

such a way that the red and violet rays emerge parallel to 

each other. A more precise correction can be achieved ~~ 

comented doublets of two different glass.es; such a lens i~ 

known as an achromatic doublet. 

Further, the wave nature of light gives rise to diffraction 

effects an.d thGreby in.troduc€.~, limitations in the use of 

telescopes.' ~en ill. the absence of all aberrations~ any 

optical component forms. di!fra~tion patterns characterised by 



8. centr8.1 ll1Ctximum surrounded by circular fringes. Two point 

objects arE) resolvablG by art optical system if the two 

diffr8ction pattbrns produced by them are sufficiently small 

or are well separated. 

Tho ultimate choice of a telescope will, however~ be 

dictnted by the uses to which it is to be put. But even a 

fino telescope carulot Gurmou~t certaim restrictions imposed 

upon it by our turbulent atmospherG. Pion.eering theoretical 

and exp~rimental work related to tho propaeation of waves in 

n turbulent medium has come from Tatarski2 and Cherno~. 

This includGs the propagatio~ of starlight through tho 

atmosphOrl)" Clearly ~ thE: most well-known effect of turbulent 

atmosphere is the twinkling i.0.? scintillation of stGl.rs, 

which r0fers to irregular changes in th0 brightncss of stellar 

im~ge8. In the early 1950 t s, scientific interest in the 

twinkling and quivering of stellar images in telescopes 

bocCl.n1e quite pronounccd. Early experin1()nto.l work OU 

scintillation vms reported by Mikesel14 and othE1rs~ Quivering 

refers to displacemonts of the imaeo Of a star in random 

directions and is obviously related tu tho fluctUation in 

tho anglo of arrival of the incoming light wave. Experimental 

work 011 this problem vras r anowed by Kolchinslu5• Since then., 

many attempts havo been 1M.de to investie;ato this phen.omenon. 



- Cross section of 'I laser beam before propagation 

Crons r;e(~t"ir)n of \.1 ld~;pt'\ bCi.1H\ dt"tf'Y" pt't."Ip\\~'T.dt 1';''111 
t.hT'ou~'.ll a HI)[) III jldth. 

-------",-------

Fig. 1.1. fli!.ct of atmospheric turbulence 

on a 



Wlwn an optical besVJ, propaGates through the atmosphere, 

it undergoes attenuation and fluctuations of mnplitude and 

phase. The first effoct is due to absorption anu scatter-

8 

in.S by the constituents of thE) atmcsphere i. e., wator vapour, 

molocular oXjgen, curboD dioxide, aorosols, clouds. The 

absorption is D quantum mochanical process duo to tho inter

action between. photons of the beam D.nd moli':Jculos under 

resonance conditions, For this reason, absorption is markedly 

dependent on frequency. The scattering consists of changos 

in the direction of radiation incident on particles. 

A turbulent atmosphere causes the beam paramoteI'a to 

fluetunte at random and distorts tho beam produeinG one or 

more of the following effectsq. For example Fig. 1.1 shows 

the effect of atmosphoric turbulence on. D. lD.ser beam. 

1. Intensity fluctuationst Interferonce botwoen waves 

of light reaching the image plane from differont parts of thG 

teloscope objGctive produces amplitude fluctuations on the 

receivinG surfacG, scintillation. Those fluctuutions depend 

upon the telescope aperture and thu path lungth traversed by 

tho optical beam. 

2. Spatial phase flucutation- The phase at differont 

points on a~ arriving unperturbed wavefront is not the same 

but changes in. a random vray, Thus two points on the wave 

surface of the unperturbed wavo? do' not have~ generally the 

same phaseo 



3. Temporal phase fluctuatiollis: Because of variations 

in temperature, humidity and windspeed, changes occur in 

rofra.cti vo index uf tll0 a.tmosphere. This rosul ts in flu-· 

ctuations in tho propagation velocity followed by random 

lnase changos over a point of the telesGope. 

4. Fluctuations in the angle of arrival: Tho angle 

of arrival is tho anglo formod by the normal to tho wave

front and the propagation direction. These fluctuations 

produce displacements of the imaee point in the focal plane 

1. e., image dancing or qui varin.::;. When the pntb. is long, 

9 

tho wavefront can be thought of as beine divided into separate 

coher8nce regions. Each coherenco region prosents its own 

incidence angle which suffers casual changes i.o., crumbling 

of tho wavofront, boiling or image:: blurring. 

5. B8am deviations: Tho unperturbed beam~ if well 

estc,blished mechanically, maintnins .3. well defined dir0ction 

of p.rol:,~gation. In thE-; pr0SGnCe of turbulonce, thE) bGam axis 

changes its dir0ction in a cnsual way i8., illumination danc

ing or spot dancing or bCD.nl steering. 

6. Beam spreading: The unperturbed boam has its own 

spread duo to diffraction, Turbulonce causes further beam 

spread and the beam cross-section fluctuatos in size, i.e., 

brGathing. 
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7. Polarisotion fluctuations; An initial polarisation 

IT.fAY be perturb0d by the tur'cu:ent o.tmosphol'o. SUPPOSE; at 

first th6 boam is totally polarised. When it ~rrivus ~t tho 

telescope objective it could prosent a depolarisation which 

depends upon the turbulenc~ and the path characteristics. 

Not all these phonomenn arc mutuo.lly independont. Distor

tions of thE: optical imecges form8d by the: telGscopoB arc llot 

kn.own. in detail. This kl1owlGdgo is n8c(Jssary to plan optical 

and digital systoms for bettor image construction. Tho pr8scnt 

study is intended to provide Bomo of this knowledgo. Studies 

of this type haV8.11ot boen madll at low latitudos 'in the 

tropics and hence this study was undertaken. 

In this work scatt0riug and absorption arc not considerGd. 

The problem of the fluctuations of wave paramoters as manifest 

through intensity fluctuations experioncod by an optical beam 

pro}::&gating through tho turbulent C1.tmusphoru is examined, 

making an attempt to invostig8.1;:.e thu frequency compositioll 

of thE) seeing phenomenon. Also trw I:Jxcont of correlo.tion 

betwoon tho two processus i.o., opticnl sGoing and ntmoophuric 

turbulen.co oxis ti11g :;It thu tiJ.w of ohsorv::t tiOll is examined. 

When a stollar imaBu is obsorved through a tuloscopo with 

high magnification, tho obsorved imar;e:; structuru dOGS not in 
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gunural correspond to diffrctction. pCltturn computE-d theoro

ticnlly, even if tho optics arc I'Jxcollont. ThE.) diffracticXl ~ 

rings may bo resolved only partly or not at all. In addition, 

an irrogular motion of the image is often. ob,scrved. Tho random 

fluct.ntions in the direction of part or all of th~ stnrlight 

r8coi v8d by thl:; telescope arc called soeing, 

Thl: random fluctuntions of the in tonsi ty of starlight 

r0coived on the.; ground c:tru ref8rrc1d to as scintillation. Th0 

twinkling of stars falls into this C[lto[,;ory, Tho rofractive 

indox iWlomogoThGitios causing tho ph~nomGna of sooinG and 

scintillation arc oxpoctud to occur in thCJ turbulon.t :pEl.rts 

of th(; ntmosphoru, 

I~ a plane wavefron.t enters R turbulont l,::-yor.! it will 

emergo as a distorted wavefront and travol as such to thu 

groun.d. Fig 1.2 shows distortion. of wavefront of ::t light 

wave 0 Two phen.omuuo. may follow from this situntion: 

(I) Below tho turbulGnt zone thu direction of light will 

show a disperaion. ThiG dispersion is indupcndont of tho 

distance of tho teloscope from th~ turbulvnt zono. (2) Tho 

intensity in. thG wavefront baloVi the turbulent zone iG not 

uniform. The lack of uniformity increasos with incrcasing 

distance of tho telescope from the zone~ at least until the 

average lateral displacement of a. li[!ht ray is comparable 

with the average separation of tho turbulent eloments. 



12 

~ 1 ! 1 1 1 J Plane waveiront 

Turbulent zone 

Distorted wavefront 

Ground 

FIG-1. 2. WAVEFRONT DISTORTION ON 
PROPAGATION THROUGH 
ATMOSPHERIC ZONE OF TURBULENCE. 
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Changes in the turbulence pattern in tho light-puth cause 

tho tempo,ral changes associatod with seeing and sCintilll'\tioll. 

Suppose the turbulent layer con.sists of cells of vnrious sizes 

with a refraetive inde~ different from thnt of their surround

ings and that such cells are near the telescope. ~en theae 

cells with horizontal dimen~ions of the order of the aperture 

of the telescope or lesser will, in a first approximation. act 

as small lenses and defocus all or part of the light entering 

the telescope thus causin.g blurred images. In. othor words, 

light reaching different parts of tho telescope objective is 

at different angles of arrival depcndine on tho cells, their 

size and number. Thus seeing occurs. Such cells may nlso be 

present within the telescope dome and contribute to sGeing, 

viz., dome seeing. On the other hand, if the cells arG much 

larger than the telescope objective, they act as prisms since 

at a g~veIll. mCin>I~~llt the whole of th() telesco~e aperture is 

coverod by a single cell. Thus again W8 have seeing. 

If the cells of varyinfS refractive index are far .::tbove 

tho telescope, the changes in direction due to cells at diffe

rent b.eights average out and light of va.rying intc:D.si ty rGaches 

the objective. Th.is results in scintilla.tion. Obviously, 

scintillation is more prominvnt whQn objective is small. For 

example, more scintillation i,e., twinkling is observed with 

the naked eye as compared with visual observations through 

binoculars. Often scintillation and soeing occur togother. 
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Th0 imae;o of a star iu a small teloscope may both move about 

in th~ field of view and vary in apparent brightness. TherG-

fore it is possibll;; to havo poor seoing hut no scintillation 

hut it is not possible: to havC:i good so(d.ng with strong scin-

tillution. 

1.5..J.... Description. of the tu£l?.ul~ 

A laminar flow of a fluid is spocifi~d by its Reynold's 

numbor, relating tho velocity'f of the flOW, tho kil1emo.tic 

visco~ity ~ and the dimension L of the fluid us n whole. 

VfL 
R = - .. 

TJ 
If Reyn.old1s numb-or R docs n.ot exceed a criticul vulue 

Rcr the flow is stable. On the ccn.trary, if R is groater 

thanRcrthe flow becomos unstable and vorticos are creatod. 

j"or OQch vortex an " inner II Reynold's number may be considorod 

and the vortex will be stabl0 if its ReYll.old's n.umber docs not 

Qxccod R .If oach vortex is not stublG it breaks up into 
cr 

small eddies. Further break-Up will occur until thu vortex is 

reducod to a sufficion tly small sizo. At this point the eddy 

is stable and its anergy is dissipatod into heat. 

It is well known that the velocity of propagation of 

electromagnetic waVE;:s in vacuum is a constant 

e ~ 3 x 1010 em/sec. 
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When tho radiation propaGatGs in a medium, the velocity changes 

by a factor 1 whero n is c31led the refractive index of the 
n 

medium. If v denotes the velocity i:c a medium, ,one. has 
c 

V = n· 
The quantity n. depends upon. the wave froquency and the charac-

teristics of the medium. The optical characteristics of a 

turbulent element depend on. thE! differollce dn botl1()Un the 

refractivo index of tho air in the turbulcllcu ~nd thot of tho 

surroundings. 

d~ 
Now, dn == (n - 1) 

fo 0 

where d f is the differ,mce in den.si ty between. the turbulent 

element and the surroundings; f' 0 is tho density of air at' 

normal temperatur~ and pressure. and n is tho corresponding 
o 

index of refraction. Sinca tho velocities of the turbulont 

air are high.ly subsonic, it may be assulJIl....d that dGnsity 

differences between. 8.dja~en.t air clt;m~mts 8.ro the rosul t of 

temperature diffcr0~ces and not pressuro differences. Under 

these conditions, for a p~rfect gas 

dP 
P = 

dt 

T 
where dT is the temperatur(; difference of the turbulent 

element and P is tho mean. density of tho surrounding air. 

Thus 

dn ::a: 
P ctT 

(-)(-)(0 - 1) 
Po T 0 
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1.7 .. Inl§.\e;e Distortion in prosoncC' of Scuill£<; (md Scintillation 

A quali tatd.. va discussion may be made corlSiderinc; two 

extreme kin.ds of s08ing j torrnod It good tI a.n.d II bad fl. In 

good sGeing tho turbulent layer may be likonod to Q thin) 

irregular diffractinL, scroen whoroin tho optical thickn.uss of 

the diffractin.g e10111I.mts is so scalI that Ll good fraction of 

tho incirl~~t li5ht passGs through tho layer in an 

undiffract~d (zero-ordor) planu wav~. Images aru then 

obtLtin.ed of a quality limited primnrj.ly by haloG of dtffusc:d 

light co.used by diffraction in tho turbulont layers. Condi-

"l!ere N is the aVcr~l8:o numbur of turbul().nt ololiHmts whiclJ. the 

light rays pass through on thoir way; Lmis a measure of the 

average size of tho elumonts; ct2nis tho mean. squarE) fluctua-

£ion of th9 rofrnctivc index and ~ is the wav0-1~n6tb of 

light. Since the loneth~of the optical path throuBh the 

turbulent layer incruCtsGs with tho zonith distanc0 of the 

objGct observed, N also incr~ases. Honce good sGoing is 

;prornote:d by., 

(1) thin turbulent laYGrs 

(2) small zenith distnnccs 

(3) small element sizGS 
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(4) sl11alJ.t. templ;raturo fluctuations 

and (5) use of a long wavelength of 

light for observations. 

Thus the phenomona of sGoing and scintillation are relatod, 

in. a stD.tistical manner, with cells of hot and cold air in the 

atmosphere. Suppose that these air cells arc confined to a 
.• 

horizonto.l lay~r of thicknesst:. t1ying at a vertical height 

of Z abovo tho observer. Furth<-r ~ suppose that the Variations 

in thu index of rofractioD "n" in this lnYGr arC,; doscrib0d by a 

Fourier series. 

If wo assume that the turbulence is homogeneous and 

isotropic we can doscribe tho frequency of occurronce of 

turbulent elemencs of differl;nt sizes by the spcctrulll function 

b (w) s for which\/ is the wavo number ill~cm-~f f.I. Fouric::r component 

and,' 41l1lb (w) dw is tho sum of the squo.ros of all the 

Fourier coefficients with wave numbers lying in the interval 

Awahout w. If the turbulence and hen.ce the scintillation 

aru not unusually sovero~ a numbtJX' of authors have shown 

that a rclotion "hrGtwecn, b(w)and the spectrum function for the 

shodow :pattE;rni B'Cw)con be obtained ( tho illumination of a 

lens or a mirror in the li~ht of a single star is U8ver 

complotely. uniform. The irregulor patchwork of illumination 

which is present at any time is called the shadow pattorn ) 

B(w) 16 n:2 6. z b(w) sin2(1t z w2 ) 
--:-T :;: 

ho 1\ 2 
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Hare ~ ... :ii..s th(; v1{[1.VC lcmgt:;h of light in. c(}l1timott~;: i The fOrnlUIQ 

indicatl;S in Cl g811cra.l vmy tho maru1.Or in. whidl i.~tmosph0ric COl1-

ditions urc r0lntod to thu charact~ristics of tho shadow 

pattcrp and hence to the amplitude of scintillation. Larg~ 

t0mporaturc fluctuation~ cause largo differGncos in tho index 

of rdrt"lctioll, hdlCL' largo valuos of band B . A thick lo.yIJr 

producos 8. l:-1.rgcr B thc:m Ct thin layor? ~ 

1.8. S00inG,' Sdl1tillati(ll~c!- M~,tuoroloc~ical PhonomC:il1<l 

If mixing of air masses of difforunt tGmp0ratur0G occurs, 

oxt.onsivo tud:ulGllCU ZOlL0.8 ar(; p.roducod and lEtrga valu8s of dT 

nw .. y oxist, Thi.s occurs ill two typical situations: 

(1) in Q cold i'r'ont aod 

(2) in an iuvGroion lQy~r 

A rOIJ:id tomplJl'::'1.tur'o c1ucru:lso~ lasbrlcg for ~)uv(;X'al boul's or 

l1'lorC 7 inc1i.s;atos thnt ;1 cold (,1.11' muss is moving into tho ,;\1'(;(1. 

th0 aurfnco cools r~piqly by ra.diation, and littl0 of this 

rndiant onurgy is absorbod by thu utmosphoru bucauso of lack 

of w~lt(;r vapour. Thus cold air forIl16 clos!;) -eu tho ground. 

Thu highor lay~rs uf th~ atrnosphurl show littla change i~ 

tewpurnture, unlc~s there is wind. Tho thick~ess of th0 layer 

of cold air stuadilY incrooeus durinB the night. Thu vQrtic~l 

tempurntur0 gradiant shows on invursion ~t:; the top of tba cold 



air., Turbulence with large valuos of .~:.'l" r:t:;.y Q:xiot no:,r the 

in.version. 
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Hhun sho.dovv-pCLttorn volocitios aro compo.rod with wind 

vlllocitios at vr1.rious al ti tudes by differ, nt moteorological 

instrumunts,it is found that in nearly all caSGS tho velocitl 

pnttoru agrGGs with the wind velociti~s at thoSG altitudes. 

Sci0nti1lation is essontially ~au6ed by a turbulent laYer of 

mixod hot and cold nir locnt0d in. difforent ]?o.rts of th0 

C\tmospl1or E.J • 

Condi tiona for good obsorvations 

I. Good observing conditions cnsue whon 

tho ground hunting is minim.um, as 

othGrwis8 thor8 8xist thermal inhomo

GODoitios in prosuncD of ground ra~ia

tion by cooling" 

2. Good conditions would provail if tb0ro 

is minimum o.f winr3 turbulollCG) sinco 

this turbulenco givGS riso to thormal 

ill.J.10l11ogul1ei tiGS and theroby il111Q1110[;0110i

tics in tho rL.:fr::l.ctivu index· of tll.o f:lcdiulTI, 



20 

C HAP T E B II 

OBSERVATIONS OF SEEING AND SCINTILLATIJ~ ------- ----.--.,..--,,-... ----.-----~--.- ... 

1. Image diameter: The only S88i1'1[5.fonture obsvrvcd throu£Sh 

a Inrgu apGrturc: ifJ thu prufilo of 0.11 il1I~lISU" It i:.; obscirvod 

that an image dOl;)s not lwv Q sharp cdgc~s. :rt h::lS b\.i\..lll ShOWll 

th:1.t thl) profil,8 is 1.lsucllly n(Jilrly GGiussian. .su L'fici0n.t 111<1.[.!;ni-

ficntiol"1 r,\Ust bo used SO tl:Jat th(;; iltwc;os look lH::u di.sci]. Tho 

magnification has to ~G chosoll accordIng to th~ 8uuin~ cond1-

tiOll.S. Photoelectri c mO<:1.surenwnts tlu'OU1~h dinpllr::t{';1'11G of 

diffor0nt sizes show what fraction of th0 sturli~ht is included 

in a visually estim~tod diomoter:, 

2. Imago motiol1~ III lite: caso of small aporb . .l1'l:t,l, it ill tiuffi-

ciGnt to estill1Ll.tG the maxilnum excursion of thl;) iIilc~£,O frow its 

averago position. Such Gstimatos aGain yield a raJiuB within 

which th~imag8 will siay for 80 to 90 per cGnt of the time; 

this radius nuarly h~s the onmo value ns obtain~d in thu 

previous method. 

3. Photo~raphic trails1 Image motion can bu studiud ru~dily 

by trailing the.: imae;o of bricht st,)'rs across a photor.;r::'lphic 

plate, This procuduro also allows fur tho doduct:Loll 01' t:10 

entir0 imRge profilu Gxpoct'-Jd for lQl'[~o aporturlJlJ" This method 

works r:1.uito satisfo.ctorily if tho SOOill[S off(JctE' ...LX'" l11C1.11ilvl:Jt 

as imago mati un. 
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4. Image intensifiers: Th~ USD of image intGllsifiurs has a 

gr~nt advantage in studying this problem, sinco it ~llablus 

one to usa shorter cXp08UrGS and to work with fi::d.ntcr S01;.1':::08. 

8 
Frederick Jl960) has bean ablu to photograph binary stars 

having separations as small as 0.3 socond oi n~c with thu aid 

of a two-stag0 casco.dod-imD.go intunsifying tubo anu oxpoGuroG 

of tho GrelGI' oi ._.;!.- 'sucond or cj Jilu. 
100 

5. Obse:rvation through two apurtur0s: If t\!u Ul:wll o.purLur\..8 

aro pJacud in i'ro11t of a tGlvscopo of largo apurturIJ cmd illl.'lguS 

slightly out of focus elI' .... obsurvoc1 J two shctrp but ;:,',:pr: . .r.'\tod 

imagos can ho S"Ull., Tlle; r..:lntivv illlCl[~() motions nllei Bcruc Luro 

of the.. two im[lgos IlI'ovldo vury usuful 1Il,)~,lGUruU 01' wllc":'.t th\... iJ!lD.eO 

nppoaranco would b,o in n tuloscopo of rt.l:J0rtux'o cqu(,ll to til.U 

scpuratioll. betweun thG holOG. From photographic trnils of tho 

images, imago profiles for thu larger toluscopcs cun bu deduced. 

6. Study through diffr:\ction. patturn: Ono of thlJ lilost widoly 

used methods wu~ propocud by Danjon (1926) 9, It io basad on 

th0 ostimat0s of the rl.)solutil."lH of tll" dit'fr:.,cti'.Jll pattul'll uf 

st~11ar irnugos obsorvud tl1ruueh apurturL8 of 20-25 ems. Thu 

ostimat8s IMldo in a sCEllu duscrj.bod i)y Danjoll (U'I" them trans-

forMod by an ,vmpirical rulntirm, to an[:;ular l1liJQsurlJS, Allowanco 

for tho D.ctual apurturo usod CDJ]' rc:adily bl_ l11ndo. Such osti-

mc..tes can bo carrh.:d oul: , .. ,'.u,:illy nncl \!.ith accuracy. Sl:.1cinC 
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" error in tho bosie ~ssu~ptions. The phase shift nt a point 

on tll .... disturb.:,cl wnvcfrcllt is dopondont on tho wovolel1(~th1 

b",Llt,;; GnJ~ half at 8000 A of that "~t 4000 A. In this 

1;1'::.1.nn,-,r tilu ]jhD,so-shift l1utocorrolotion function aplJ00rs 

to be dODondont on th~ ~avu10ncth in such a ~ay 38 to yiuld 

.t:\. corr<..:lation funct1cm indop~nchmt vf colour in tllO 1w.::tgo plan.e 

Rocuut balloon studios ~ hath 1~1nnnGcl a.nd unmanned Imvtl 

nnd scil'1tillntiun er0atly didinish upwnrc1 ill th.:. first 

20,000 to~t , 6000 i·J ) above; the., uCLrth and nro 11.oGlil~iblc 

nbov8 5(? 000 fvot. ( 15, 000 ~ ). It hD.'-' beon found 9 howovur 

that D. lie;ht SOU:i.'CG on. II. balloon observl;Jd from the. Ground 

dU0s not beGi~ to scintillate until hiGh hlltitudos nr0 ruachud. 

Systematic changos in s()~ins with latitudes and lOl1Gi-

tucl<..;[:) [1.1)j)(.):\r to be;.: sElr.tl1ur thr.tn thu varintionR butw0011 tho 

nV()!'AcL;U" Tho j et-stroa:m shows an e..n.nuCLl vari::tti(Jl1. ill l~lti-· 

tudo from 15° to 60° ~ while polar frOl1.tal systUl'JlS r(lnGo 

fro]] 20° to 80('·. The; yril1.cip!J.l sources of thul'me.l in.hof'10·· 

goneity in the fr~u atmospller~ thus covor Qlmost t~e ontiro 
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A large number of experimental papers arli.J devotEld to 

the study of the quivering of images, a review of which is 

contained in the papers of KOlchinskift.\, This author arrives 

at the conclusion that the mean square fluctuations of the 

angle of arrival of tho light from the star is directly 

propqtional to th8 secant of tho zonith distance of the 

star. Dependence of the amount of quivering of stellar 

images on tho zonith distance is as shown in Fig. 2.1. 

Also empirical dependence of th~ amount of twinkling on 

the diameter of tho tGlescop8 diaphragm is shown in Fig. 

2.2. 

2.2- Minimization of secin~ effocts' 

Coudor (1953) 15) Rosch (1955) J ) an.d Sisson (1957 j 17 

suggested m€Jthods for suppressin[,; s:,~eing vffccts in optical 

instruments, Devices with combin.atiolil of ventilation and 

temperature-control syst~m were made to ensure thnt tho 

tomperC:ttur(; of tho a.ir wi thin thu instrument is 0.8 noarly 

uniform as possible and at the sarno time maint8.ining the 

same temperature existing outside tho dOl:'B.. Th<:sG lL10thods 

have their own drawbacks. BriGf periods of good instrumon

tal seeing have been obtainud by Leighton (1957)18 by 

utilising the first 100 seconds after first oponing the 

60-foot Mount Wilson solar towor to tho sun's light. 
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AnothE!r approach to the problem is bascd on tho fact 

that) at any giveTh instant? the wavefront being focused ut 

adjacQnt points in tho "focul plane have traversed pretty 

much tho same elol11cm ts of inhomogcmei tiGS in. thE: atmosphere. 

To tho extent that 'is truo, the images of tho adjacent 

sources will be displnced and distorted in the same manner, 

a fact that opons up tho possibility of analysing one or 

morc of tho images to dct0rmin.o th0 nature of tho distor-

tion and using this information to introduco optical corre

ctions, as suggested by Babcock (1953)1~ and actually 

achieved, so 1~r as lateral displacements arc concernod, 

by Loighton (1956)20 and Dowitt~ Hardie (1957)2l. 

M('~':;D.th (1955)2-2' offorod a comploto solution to all 

sooing I)rob18rns by plD.cing the en.tire eqUipment at an 

altitude sufficiontly high that a nogligible amount at 

air lies in tho light path to the instruID0:ilt. Using a 

12-inch reflector suspendod from a balloon at an altitude 

of 80,000 foet, Sch;.'.rz~child (959)23. has obtainod phot()-

graphs of the solar granulation. of unprocc .. dentod dofini

tion. Using exposuro times of approximately 1/1000 socond j 

tho theoretical optical rGsolution of 1/3 second of arc 

has boen achioved in the bost photographs. Howevor j such 

experiments are' r£!"') and generally the obs~rvations have to 

be ma~ ~th tho ground-based telescopes. As such detailbd 

studies of seeing ar~ quito vital and useful. 
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2.4. 9bservatio~al methods of Scintillation 

Tho rapid temporal changes in thu shadow pattern arc 

accompanied by chCtnsos in tho intogratGd illumination, and 

scintillCttion results. 

Direct observation of instnntaneous shadow pattern is 

difficult because ovon tho brightost stars do not furnish 

enough light to permit the use of exposuro timos Doudad to 

stop tho motion ( of the ordor of 1/500 second) with 

ordinary photographic tuchniqu8s. So the statistical 

propertios of a shadow pattern cnn be studi~d by the use 

of high.officioncy photomultipliers at points sopnrntod by 

2.4 
a preassigned amount. Barnhart, Koller and Mitchell (1959), 

havo obtained fairly typical autocorrelation function Q 

for stnrs ncar the zenith which cCtn bo npproximatGd by the 

exprossion 

Q = exp-

whoro 4r is tho soparution of tho corrolCttcd pOints in 

and~r~ is of the ordor of 2 cm. 

Some results of scintillation studios . _.. --,---

Protheroe (1955) 25 found that a moan valuo of the 8cin-

tillation. at Colombus 9 Ohio, is of thl,) ordor of 40 por cont 

of tho moan intonsi ty for em aporturu of 2.5 em when one 
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observes closo to the zenith during the night. 

Mikosell~ Hone and Hall (1951~6 determinud the frequency 

spectrum of stollar scintillation. Nights of buth good and 

bad se8inG were used and observations wore made.t Washington 

D.C. and Fla.g Staff, Arizona. RGprosuntativo scintillntion 

spectra are shown in 

The authors consist<:mtly found tha.t when the seoing is 

good! the high-frequency componvnts are missing and tho low

frequency components arc much less pronounced than they are 

under bad seeing conditions. They also derived the dependence 

of scintillation on zenith distnncc, showing the well-known 

fact tha.t stars near the horizon acintill~tG morc slowly and 

with greator amplitude thEn"), do stars U()D.X' the; zenith. Also, 

scintillation were found to docrease with incruasu iu tclc~ 

scope aportur0 and tho scintillation nmplitudv was roulShly 

propotiunal to tho inverse of tel0SCopO di~m(..t0r. 

The culour depunch.:llc0 (Ji' scintillation WDS found to bo 

slight or nil and thGrG was no ovidonco of dopondenco on tho 

plano of polnrization. 

Protheroe (1955)25 and Mikesoll at al (195l)~6 havo made 

observations of the froquGncy spoctrum of scintillntion. It 

is found that the fluctuations in intonsity of t.he light have 

frequeILcie;s varying upto porhaps 500 cps. The r.:tl1.s. nmpli

tude por unit bandwidth i.s mo.r..:, or lose const.:mt upto 75 cps 
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and decreases fairly smoothly to zoro at thG high-frequ~ncy 

limit. During wint~r months, wholl m8t()orological conditions 

at those places ar0 moru sevore, it 1a found that tho ampli-

tudes at all frE.Jq1lCl1ci0S arc lr:trgor, but those at tho higher 

frequoncios relatively more so~ pr0bably because of tho high~r 

wind volocities that prevail at thnt time of tho year. 

A number of studies have heon l-:1ado of thl) rolation of 

upper-air phenomc:l'l.n to tho bohD.viour of tho shadow bands and 

scintillation by Protheroo (1955), Gifford and Mikesell 

(1953/7 , Mikosell (1955)?8, and Barnhart 0t nl (1959)2~ ... 

Tho autocorreletion mothod can be used with considerable 

accurncy to measure tho speod and diroction of motion of 

shadow patterns. Although tho most strikinc of tho temporal 

changes in the shadow patt orn is its latcH'al r.lOtion, important 

intrinsic chnng8s occur fairly ro.pidly. Barruw.rt Gt al 

(1959) found for n so.mple of 12 nichtB thnt tho pattern 

chQngos complctoly in poriods of time; varying from 6.5 to 13 

milliseconds. During this poriod thl; pat torn. as D. whole 

moves distances of tho ardor of 15-27 ems. 

Two-dimensional sPGtio-tomporal powGr spoctra of shadow 

patterns associated with the stollnr light scintillation hns 

been doterminud exporimentally by optical filtering of the 

spatial frequencies. The rvsults show 0vidonco for a multi-

laYGr structure of the air turbulence in thu upper truposphero. 
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Altitude and windspesd can be doduced for each layer. They 

are in good agreemen.t with wind profilos from n1Gteorolosical 

data as st~t~dby Vcrnin and Roddier (1973)29. 

2.6. Some met.hods of minim1zCl.tion of s_cintillation 

It would be expocted that the usc of a large Qperture 

has the affect of partially averagine out fluctnaticns in 

the total light recoived 1D tho focal plane. Prothcroo 

(1955) has obtained data in this exper1ment from 1.25 to 

16 cm apertur~s which agree surprisingly well with the 

theoretical expression for thu sarno offocts. It soems 

clear therefore that scintillation effects can bo suppressed 

by usin.g a large apertur e. 

Those methods adoptod for reducing the effects of seeing 

can also be used in this casO for nchi0ving good results 

ultiDCl.tuly. 
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eRA PTE RIll 

INSTRUHENTATION 

Irho plC\n. of obsGrvG.tions and thu method of anc.t1ysis in 

tho prl;sent invGsticatiun woro dosigned to obtain sinlUl to..

neous records of tomporal variations in seoing and scinti

ll~tion and two of tho atmospheric parameturs, viz., wind 

spuod o..nd tomperatura. Thu onu-mutur ( 40-inch) tuloscopo 

at Kavalur is used in its co.ssograinion cOl1figurat:Lun with 

photoelectric photometer as thu detQctor for rocordine 

suuinC and scintillation do.ta. Separ&1.tc microm8teorologicul 

instrUll1unts hIJ.v0 buon omploY0d for col10cting wind spood and 

tomy.>ol'I'l.turu do.tc\ within thu lower 1,:).1or8 of tho atmosphc.:ro 

in tho nuiLhbourhouc1 of tIll) t.ch,Gcopo domo. rrhl.) illdi vi~:.ual 

and simulta11GOUS rucords of detta of n.stru)"lOmiccl S(;uillG and 

atmosphoric turbulonce havo huon subjected to cnthcwntical 

analysis to detect hidden pOl'iodicitius in thc; phullonwnn 

2nd tc) inv0stie;nto tho oxt;unt of rulationship botwGcm the; 

phore. 

3.2 EXJ?erimentpl a.rrangmnen t: 0l2.tics and associatod elect

ronics 

1. Optics: Tho onG-metbr ( 40-inch ) toloscopo at Kavalur 

( Alt: 725 M abovc:; MSL, LCi.t: +120 34' 32.211 j Long: 78 0 49' 54"E ) 
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is set up in itsC;:;slSobr~il1iD.n configuration.. Tho schematic 

dic.Gr~H: of this optical sot-up is as shovvn in Fie;. 3.1, Tho 

pril~ary mirror is 6. pnrnboloid whilu tho sGcondnry tak8s th0 

form of n con.vpx hyporboJ oid.. ThG socllnd"lry is placud 

within thG foev.s of tho primary mirror. RGrl(:ctod lli)lt [runl the 

s0condary passes through a ~olc in the middlo af tho Drimnry 

nlirror alld the:, imago is. formed bollind tho prima:ey. A suit':lblo 

dutGcting system placed Qt tho position of tho imago collocts 

the. lie;ht. 

This tolescope, n Carl-Zeiss make, works in both ~asso

~rainian. and Goudo config-uratioY1s. Observations in both 

photometry and spoctroscopy of stars aru mado using thio 

toloscope, bosides astronomical photography. A ranee of 

f-llumbors can. be ChOSOll doponding upon. th0 typo of obso:t'va.

tion.. A digital computer, TDC-12, is used to operate thG 

tuloscopo according to a proussto;nod progrmnmc in nn on-lino 

mode in somo observations. This tolescopo is p18cod on nn 

c!l1.b..c torial tYPG of moun.til1.g, 1'110 si tULLtiun 0f the tol(;8copa 

is idoal for Jrluking oxtul1sivo obsurvaUol1s of tllc southorn 

skies. Attachod to the;: main h;loscope arc throe smaller 

telescopes of 10", 8t1 and 3" aporturo which arc usod for 

preliminary adjl2'stmonts [md viewing l)Urposcs. 

2. Facilities with tho telc::scope: The movoments of the 

telG:sc(}pe along right asce~l.Si()n. alld declination arC) el.chieved 

Gle:ctronieally. A sepn.rate oif;ctronic system tClkE;S cCtrG of 
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compwnsatiun against oarth's rotation ronderinc the position 

of the telescope steady durinG obsorvation of an object. 

Handsets are pro1lidod for making fast, intermediate and fine 

movemonts of the telescope. By moans of the handso~ focusing 

CI.:1.D. bo dono by the observer stntioncd at the spot of obsorvn

tion its01f. Tho en.tire status of tho tGlcscopG position is 

disyl.::tyod on th0 consolo, WhOll roquirod. Oue CQU. obtain right 

ascension, hour .::mglc.;, local sidorEw.l tir,:o Dnd air mass. 

Sinco the tuluscop0 is usod with diffor~nt acccssorios for 

eli fforl.,;D. t observo.tional progro.omos, it is uc,ccssary to counter

bo.lc.ncQ it accordinG to tho accossory used. This is dono by 

adjustinG the position of thu countcrw~ight. Tho teloscopo 

is instQllad atop 0. hiCh tow~r ~nd 0. In~gu domo covers tho 

tcluscopo from o.buvu. The damu co.n be rotatud to o.ny desirod 

positiun and th0 lar~o slits upon tho domo cnn bo oponud at the 

timo of obsorvations. Tho movomunts of thu dome and tho dome 

slit 0.1'0 mo.do o.utomntico.lly, Tho switch0s for this purpose 

o.rw Druvidad at thu c0n80l0. Thu uxtornal surfaco of tho 

hcmisphuric domu is pain tud whit..; using ti tD.nium o;:ido so as 

to ruflact all hoat rndintion and to koep tho inside tem~8-

rCtturc as steady o.s I)Ossihlc 0 ThQ primary mirror is oxposod 

to tho sky only at thu tim0 of obsorvations by opening the 

flaps covorinc., it. The switch to opon and closo tho mirror 

flaps is o.lso pr)vidud at the console. 
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Tho obsorvatory maintains clocks showing Univorsal Time, 

Local Sidereal Timo and IndiCln Standard Time .• Tliese clDcks a·re con.

trolled by quartz crystal oscillators. Tho,' clocks aro sot 

eVGry day prior to tho COmm0!lC8mont of the obsorv8t1ons with 

tho holp of BBC time signals. In caso pow(r fails, ~ower to 

op(;r~\tc the tGloscopo can. bo drawn from two stand-by power 

gE)norlJ.tors without causing any int0rruptions to tho observa-

tions. 

In tho prosent studios appropriate choico of diaphraem 

and filter has boon mClde to suit tho particular roquirGlUonts 

of the individual experimonts being performed~ whothor sooinB 

or scintillation, tho typo of photomultiplier tube usod, tho 

spectral class nnd mngnitudo of tho star nnd tho existing sky 

conditions. A Fabry l~ns is usod as shown in FiG, 3.2 to 

illunioato tho photocathodo of tho photomultiplior tube unifor

mly. Further, tho entir~ dotocting system is cooled to dry 

ico tomperaturos for overcoming tho disturbances from thermal 

nOiso. Fig. 3.3 is n view of this opticnl teloscope. 

The> star sie;nals from th€; photomultiplier arc amplified 

and fod to a recording system. Gain sottings of th0 photomoter 

nr0 suitGbly selectod dopvnding upon the oxistinG conditions 

of the lavole (Jf tho sky backgroun.d. Tho signals that are 

rocorded arc simultaneously monitorod with tho aid of tho 

display on CRT scroon of an oscilloscope. 
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Fig.3.3. 1·m opi ical telescope in its 
cassegrainian cont iguraflon 
with photoelectric photometer 
being set up at its focus. 
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A range of sensitive photomultiplier tubes like EMI 9501, 

EMI 9558B~ lP2l has been used in this work. Such a situation arose 

oeca\ls& the ohservatiol1al programmes of seeing were combined 

with some other programmes which demanded the use of specific 

photomultiplier tubes. However~ the collection of data on see--

ing and scintillation through different photomultiplier tubes 

did not affect the subsequent analysis and interpretation of 

results arrived at. 

3. Associated electronics of the recording system.: .An analog 

syste~O has been employed for recording fluctuations in seeing 

and scintillation. This system provides for the storage of 

data and timing signals on two tracks of a magnetic tape. The 

same recorder also reproduces the stored data on 4l. CCtthode ray 

oscilloscope screen as an analog record. Fig. 3.4 shows 

photomultiplier tube signal am.p] 1.£'''f electronics. A quartz 

clock as shown in Fig. 3.5 is incorporated in the eqUipment 

and it provides time resol~tion better than a millisecond 

in the frequency analysis of astro~omical seeing. A crystal 

clock followed by a divider chain generates a train of pulses 

of pulse freq'lency 104 cycrGS per second as well as bunches of 

1 KHz signal at 1 second illtervals. The printed circuits are 

produced in the electronics laboratory of the Indian Institute 

of Astrophysics. This system is capable of giving high accuracy 

wi th low l~ .aJl.a.1.og ill..p.u t .signals. t;ypically in the order ot 

amp. I t consists of a current-to-volt,age con.vertor. which 
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accepts the PMT output and provides the voltag8 directly. The 

fil tared signal voltage is given. to a vol taee-!'.:-freq~~" nc~ 

convert~Jr 0 It USGS a frequency modulation technique. This 

consists of a low-drift voltage-to-freq:u:.ency converkr providing 

an output pulse train whose re:rod. tion rate is a precision linear 

function of the in.put voltage. This low-drift) ultralinear 

device has the ability to handle positive, negative and diffe

rential i:nput sie;nals. This output is directly recorded on on€) 

of the FM channels of a tape recorder. The rocorded output from 

the tape recorder goes through a frcquency-to-voltage converwr. 

This provides a linear conversion of frequency information to 

an analog voltage whose amplitude is pt.ot'ortiol1e.l to ~l10 in"ilut 

signal frequency. 

2 -2' Ex.eerimental a..r.1:.~!gel~_~ __ f2.r recorqing V[~~~~ 

_fluc~uati9.~ 

1. !Jot-wire anemometer: It is used to record the fluctua-

tions in wind speed. The principle of its working is that when 

a sensor wire of very low thermal inertia such as superfine 

I\latinum-Iridium or Tungsten is electrically heated in a bridge 

network and tho sensor 1Hire is exposed to tho wind l thG wire 

loses heat to the surroundings and hence its temperature and 

resist(l,nCe drop. Such a drop can be taken to represent the 

fluctuation in the wind speed. Initially~ the temperature of 

the wire is maintained at a constant and high value. Due to the 
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passin,€;' winds, the temperature of the wire is reduced because of 

increased cooli~":.g3l. The temperature is brought to the original 

value by passing more current through the wire. This is achieved 

by a feed back amplifier as shown in Fig. 3.6. The unbalanced 

output across the bridge is Jed" to a feedback amplifier 3,':: ',:hich 

drives a current through the bridge for restoring the bridge 

balance. The detailed electronic circuitry typical of the 

device is as shown in Fig 0 3.7. 

The bridge arm ratio is set to unity and the fixed resis

tance value kept low to reduce the loading of the bridge by the 

feedback amplifier. For the sake of compactness~ the usual decade 

resistance is eliminated, but flexibility in operation is maintained 

by providing a choice of six operating reistances ranging from 

5.7 to 8,2 ohms. With a typical 4.5 ohm wire this provides over

heat ratios roughly in tho rango of 1.3 to 1.7. 

(i) Construction, of the hot-wire probe: The bot-wire probe 

consists of bare Platin.um-Iridium of about 1 to 2 rom in length 

and 2 to 5 microns in diameter. This is spot-welded to the tips 

of two stainless steel prongs which are fixed to a cer~.mic body, 

porcelain, The length of the sensor material is carefully cho

sen to be compatible with the other bridge resistances. Electri

cal leads are soldered to the other end of the needles and 

taken out through the porcelain tube for connGcting them to 

the terminals of the hot-wir~ bridge. The electrical leads are 
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insulated' to avoid any shorting. The :probe is as shown in 

Fig. 3.8. Figs 3.9 and 3.10 show the close-up view of the 

hot-wire anemometer sensor and its material. The probe was 

used in conjunction with the electronics of a DISA 55M anemo-

meter. Fig. 3.11 shows the electronics set. For r"...ggedness, un-

UG ... l SGllsor. It cannot be soldered 

and so has to be spotwelded. Silver coated Platinum-Rhodium 

can also be used as a sensor material. In this case, the 

sensor can be soldered to the needle tips as there is silver 

coating on them. Subsequently, a little silver is removed by 

what is known as etch:Lng from the wire to make ita sensor 

( usin5; 300,,6 nitric acid ). The rosistance value has to be 

compatible with the othor bridge rosistqrs. 

(ii) Jalibration: Calibration of tho hot-wire anemometer is 

carj:ied out at the National Aeronautical Laborc\tory J Br.mgalorG 

Tho call bration is made by keepinc; the vJire in a wind tunnel 

and measuring the voltage V acrose tho bridge as a function of 

wind speed 7. U is obtained usinG the values of the air 

pressure in the wind tunnel as gi vcm by the formula 
.' 

u = 12.56 (Jh) 

Hero, h is the height in rom of the liquid (alcohol) in the 

U-m~Qometer employed to observe the air prossure. The experi-

men'tal set-up for the talibration is as shown in Figs. 3.12 and 

3·13· 
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Fig.3.9. Close-up vitw of Q hot~w;~ 
anemometer seMor (Pt .. h' alloy) 
mounted on a probe qnd 9Jpported by 

Q long rod. 



Mo1teriai' .. h «lUoy ~ 3mm ~lI'l 
.1 1)0 microns; in d iclL 



'" --1"'= .. .JII,='="=It'=~:i!WI-l!:I!!i .. = .. =· =.,=.,=.,=i ..... ' ..... 
I ",. J" -,,'. i'i .,f."" ~ ... i 

.-- ..... -----.--.-.'i,,; ....... -

\ J '.': I!!!l .... 
","" I < 
y-' • ~-

P J.n DiSA hot-w.rc anemomet.r 
electronics. Model '5SM. HJs 

m onit6ring me1Gtrs , contras 
for go in setti n9 , l it fer i ng , 
zero suppression fodlityWhcn 

1009 cables art used. 



Fio.112. Wind jet facility for hot-wire sensor 

cali brat ion. 



Fi9.3.3t CaHbrafJot1 of a hot-wire 
stlnsor in "f ree Wind Flow:' 



The output voltage 01 the anemometer is compared wlth the air 

speed as calculated above. This calibration 'is dOlle for a few 

probes. The data is used to determine the constants In' and 

IE' in the modified king!s lcw 34. 

V2 ::::: ~ + BUn 

which relates the output voltage (V) to tho air speed (U). 

Vo is the. t.l.t-put voltage at \I no flow" c·:.;ncUU.on. The COll-

stante are- evaluat0d by thu ~ethod of least 8quar~s by usin~ 

15 data points. The values of nand B af0 aivan in table 3.1. 

The details of location of the differont sensors ar~ givGn in 

table 3.2. 

, oV 
The sensi ti vi ty. aU -I.s obtained from ttl\.:; rolati,orl 

oV 
== aU 2 VU 

The plot of 2;i. aU Vs UfoI' onu of tho sensor's (w:iecl OVGr thL) 

domo) is shown in Fig, 3.114, 

(:i..i.i) (;pecificatioD of sunso!.'. ~atorial: 

1) Material of thu sonsor Platinum-Iridium alloy 

ii) Diameter of sensor 10 microns 

iii) Length of Gousor 3-1\. mm approx. 

ivj Hatorli..l.lof "":" ,'.,1·. '., Ceramic body with 

sensor support 

v) DiamGter of sensor 

support 

stoel prc!l1(js 

(\.5 mm all ur ox. 



TA
BL

E 
3

.1
 

C
A

LI
B

R
A

TI
O

N
 

DA
TA

 
FO

R 
H

O
T 

W
IR

E 
SE

N
SO

R
 

PR
O

BE
 

D
A

TE
 

O
F 

ID
E

N
T

I-
C

A
LI

 B
R

A
-

n 
B

 
FI

C
A

TI
O

N
 

TI
O

N
 

02
 

22
 .. 
6
~
8
1
 

0
.4

8
1

 
1

3
·4

5
 

3
.7

.8
1

 
0
~
4
8
7
 

1
2

.4
4

 

03
~ 

2
2

.6
.8

1
 

0
·3

9
5

 
2
0
~
5
8
 

2
4

.7
.8

1
 

0
.4

0
0

 
2

0
.0

0
 

04
 

1
7

.6
.8

1
 

0
·4

5
0

 
1

2
.9

7
 

2
4

.7
.8

1
 

0
.4

4
9

 
1

2
.8

1
 

0
5

 
2

2
.6

.8
1

 
0

·4
4

1
 

2
1

.8
7

 

2
4

.7
.8

1
 

0
·4

4
0

 
2

0
.0

7
 

1
0

 
2

0
·5

.8
1

 
0

.4
6

3
 

1
4

·1
0

5
 

1
1

.6
.8

1
 

0
.4

6
6

 
1

3
.8

0
 

3
·7

 .. 8
1 

0
.4

6
4

 
1
4
~
6
0
 

v'
o 

V
O

LT
S 

5
.7

5
 

5
.7

0
 

5
.5

6
 

5
.5

4
 

4
·4

1
 

4
·4

0
 

5
·8

5
 

5
.8

4
 

5
.0

6
 

4
.9

8
 

5
·0

0
 

L
n

 
IJ

! 



56. 

0·10 OJ 

o - BEFORE EXPT. 

C{] o - AFTER EXPT. 

?J 
O·OB 0 

c2 
8 

0 

r 
0·06 0 

0 
0 

......... 0 
u 00 
c.l 
lfl -E c5J O -If) Eb I- 0-04 

---1 
0 Q:] 
> 

:::> 
(0 -> 
CD 

0·02 

o~ ____ ~ ____ ~ ____ ~ ____ ~ ____ ~ 
o 10 20 30 40 50 

U (m/ sec) II> 

FIG-3.14. 5ens it i vity of the probe located over the dome. 
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(iv~Limitations: Although hot-wire anemomcter has earned a 

preJominant place ill such measurements, it has it~~ own: 

limitations, viz.~ 

(a) The atmospheric dust gets deposited 

on the wire and changes its calibra-

tion and frequency response. This 

can be set right by frequent clean-

ing of the hot-wire using acetone or 

alcohol. 

(b) Since the seusor material ( pt-Ir ) 

is very fragile, it is extremely 

exactinG to kee.p it i.n 't:,~,.ct for lonG 

intervals of time. So~ much care is 

exercised in preservinB the delicate 

wires. 

UBLI/s such sophisticatCJd micrometeorological instrurnen ts in 

this research l)roject in. which extrGlilsly high frequency 

58 

response instruments ara tu be employed, is being well brought out 

in Fig, 3.15 where it is indicated that hot-wire anemometers 

arc best suited for measurements in atmospheric turbulence 

whero eddy sizes and their froquencies are of such minute 

scales, This figur~ is dra.wn from the work of Daniel ".A. 

Mazzarella);). 
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2. Cup auemomutur: BucaU8u hot-wiru SUDsor is v0ry fraGllu j 

another stand- by wind speod ['(;;Jcord:l ng inutrumun t: :l.U lllD.l.11 l;i;,inl.d 

and used. 'l'his is l' onng Company cup iUlUmOtrilJ ti.; r t;hat i~) .pro-

vided with a windvC1.n8 alsC! to indicato thu d.Lrl:ct.i Ull uf w.i.nd 

flow. Data frolIJ this inslrUlncnt is rocurrivd in Ulll; of till;; 

Principli:! 01' cup LLn0n10tncJ"cur: rrh'.:J cUlJ whc.:ul IdLd{0t:i Ollt) rL~VI).Lu·-

ti.on for Gach 75 em ( 2"lfG foot) oJ wJ.nd puSS'tgu. 'i'll" cup 

whael is supportud on a stainless stool shaft \rllicb'rutatus 

in two stainless stooJ. pruciuion inutrulllcnt grudu Gall bu~rings. 

The cup whoel drivu!.? tllo tn:llliaLu.r'u d.c. taelH)mot~l.,T' e:ulll:.lrator 

through a unique fl<.)cLhl() c()\.l[J.llnL'; cClll::rLt;c'!.tJC; ul' ;.l circular 

ling with two sharp p1n projl.:ct1o!ls mOlltll;ud 011 thi: gurll::t'::J.tOI' 

shaft 3G • 

1800 rpm aTld is 
t 

VL::l'Y l·i.lJu1::tr throughout tho world.ng r~:me~o. 



g,3 ( 



Fig. 3.17. Close- up view of Young Compqny 

Windvane .. aitached to the ~'! i: II 

n d is a hot-wire sen'"or, 
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1 I anemometer chart 

recorder. 



6LI' 

3. Nichrome BridGo Network: Thio notwork is usod as a back-

network ol!1ployinb lliclu.'ol11(:; wicc at;) thu t]I,;W;\Jt' 1 ::~ U:.;,::d [u:; a 

stand.-by duvico for r\ecor-ding the; .f1uctuc;,LLulW Ln tlJ,' W:Llld 

spGcd. This arrall!.';(;l.lUn"t j.l] corwid0l'cxi nUG~JGlJD1'Y (Ul' tt1l;(; tinG 

any GllH.:rg.uncY"likl.:: uquiptl\ont i'ailuru ill caGt) of DI:.5A iwt· .. wi.ru 

ancmon10t er ill Ii eJ.d 0xJJc:r i lil(;llts a.t Kuvc:lur. A ~)u.Ldu{'ijlt£ iron 

huatlnc, Glen10nt uC Yj 01' ()~ VJ l'at:Uit,:; :1,':3 iJ.luo :JU.LL.ibJ.(. nG trw 

SOW30r hli:lturicll. rl'h(:; !.il!l1:;i.llg UJ("ll1Cllt J.'urnw \ill\..' !If t110 a1'IllG 

of a WhGatstoni:3' G n,;t c:u:; [;l'wvm ill l!'il~' 3 •. 1.9-

rrho principlUl 0 [' H.t; wl)rldnl~ i.n that 1,]ilUll tllu h~:;I.L"d 

S0nsor exporionc0s VEIl' Lcl U. OHI:; in wind SlH)uc\, j. t undc.:rn;v(:/:, 

ChClU[!;US in itr. duCr,),) of l!(JtnciI:lf.i. rrhifl ChC.Hl.gO j.n i.Lf? i.;l.::mpu ... 

I'atul'l:: cause::; a chango in j.C1:l rUGi:st:.UJco. ~L'hjJ; ill, tl:rll ll::'ds 

to the variatiolls tn LlH) vultueo rnui.lliUl'Uci 1:\01'081') Lllu vurt:Lcal 

c'U.alSonal of tilu brJul.';u, 'L'hu:.;, tllUGU ViJ.:ri':lLiol1i3 in vulL:.I/:;\;) 

as an output) wtl'l l).t'l)v.LclL: .'1 DW(lmU'(; (iI' wi.wj ~'iJ)uud rlucLlw .. -

ti ont;. 

The Dverago s11~jJ iLl. 'l:, I: r"llt,th 0 l' LhIJ w:LJI d i.iliL,nd rll Lei.nl'; 

observations in eHl ord:i.11.:l1·Y night vtt.huut any /,igiJ!.:1.1 c;llZlV1ifi ... 

catj.on is about 30 laV, I l: h~LS beG)) obSl:1'ved thlAt th0 taJw 

recordor lhat is UGod fur rucording thusD fluctuatiuns, itoolf 

gives small. signal lovulo Gf ubout 50 mY, whon unrucordGd 

empty :tape is run th.rrmgh it. 'l'hcroi'ore the: output from tllu 

bridge is praamp11fiud 80 that tbu signals of tho wind spuod 

fluctuations do not got drownod in thG rucurdor nOiDe. 
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Overall frequency responso: 

Tape Speod Fr0quency 
raneo 

67 

Tolera.nce 

OHz-1250Hz 30Hz-OdB, ~ O.5dB 

625Hz-O.5dB + O.5dB 

1250Hz-2·5JB + O.5dB 

Input level (for maximum f~0qu0ncy swoep) 

O.lV-O.2V-O·5V-lV-2V or 5V 
(selection by calibrCl.tod uttol1uator switch) 

Input Imped~nco: lOjOOO Ohms 

Output level : IV poak a.cross 10jOOO Ohms 

O'1lItput Im'podance: 30 Ohms 

Fig, 3.20 ancl .3.21 show ElVII l+-chunnel and Philips 7-channGl 

analog tapa record0rs USGd in this work. 
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Fig. 3.:n Philips 7·· channel analog iape 

recorder. Has contn)s for AM/FM 

recording, variable tape speed 
gain seU 



1. Wheotstonels net: This is used to record the fluctu-

ativno i.; the atmospheric tempernture. The sensor ele-

meat, ono of the arms of the bridge, is the bead-in-glass 

type thermistor with its glace encaJ; .. ulation removed. 

The sensor is as shown in Fig. 3.22. Here the sensor 

responds by changing its resistance Ina.inly due to the 

variations in ambient temperature,. unlike the nichrome 

wire which responds mainly to the wind speed variations 

on account of its beine; hot. ThG not work diagram is 

as shown in Fig. 3.23. 

Whonover there is a variation ill atmospheric terope-

raturo, the temperature of tho thermistur also varies 

resulting in changes in its resistance. These chang0s 

in resistance will flnally reflect as voltage fluctuations 

across the vertical diagonal of the bridge. If these 

volta[~o fluctuations arc tnkon as output information. 

and recorded 1 they will provido a measure of temporature 

variation with time. Theso signals are rocorded in one 

of the FM channels of a tape recorder. 

ThG bridge is excited by a stabilized 5V D. C. supply. 

The bridge null is adjusted at oOe. Tho brid~e output 

is amplified by a suitable amplifier that gives null 

output for OoC. 
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THERMISTOR (47 K A) 
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giO:':ii:'. ~yp~ ~hennis1or 
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The amplification is such that at 30°C the outrJUt 

is 300 mV. This is boing done to obtain a fairly lineal:" 

output 1:. the temperature range of 100to 50°C. 'rh0 

range is extened lib8rall~ On either side of thu actu~l 

range of temperature encountered in tho atmosphere. The 

electronic circuitry ,is powe,.'od by a supply circuit con .. 

siBting of a step-down transformcn·, 11- diodt)s br:LdgE:.:, a 

capacitor input filtur, a + 5V D.C. regulator, a - 5V D.C. 

reeulator. The unit works on 230V, 50Hz, 6in~lc ph,,:lSo 

A .. C.MainB. 

(i) Calibration: The thermistor is inuu(:irsod :in a bath of 

melting ice and the zoro output of the unit is adjusted. 

Then the thermistor 1s im.mursGd in a stal1.dard c8mpc;rature 

bath at 30°C and the output is F~djuSt0d for 300 m.V as 

indicated by a :precise digital voltmE:Jtcr. Tho calibration 

set-up is as shown in FiG- 3.24. The outputs for difforent 

. 0 0 
tempratures between 0 and 100, Care talton and tho cali-

'. 
bration done. Calibration is checlted ~very time bofore 

a set of readin .. gs is taken. Table 3.3 shows the values 

of output voltage for diflerunt tempuraturus. Fig. 3.25 

shows the 'Ilariation of the output with tGm,p~:;Tature. 

(ii.) Limitations: (a) Thorrnistors arG not very s8rwitivi) 

to minute variations in atmospheric t0lilpuratur~;. 

(b) Frequency l'llspOnSv of Buch tlJUrmid.ul'c 

is not satisfactory. 
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TABLE 3.3 

Table showing the vad.a.tj Oxil of Thermistor bridge amplifier 

output ( in mV ) with change in TemperD,ture 

Temperature 
( In degrees Celsius ) 

8.0 

11.0 

16.0 

18.5 

22.0 

2Lr'0 

30.0 

35·0 
40.0 

1+5.0 

50.0 

Thermistor bridge 
amplifier output 

( in rrN ) 

23 

50 

102 

130 

190 

220 

300 

380 

1180 

610 

'160 

75 
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2 .. Chromel-Alumel 'llh8rmocouple: Since tllUrm:Lstors art; not 

very senGitive tq slll.i.lll. fJ.uctu:.J.tiolll.l in t0IllT.ll":Lturu, H 

thermocou.ple usin.g Chromel and Alumol lilumont;.> I is . 

used tor retording minute fluctuations. ThG beud of 

chromel-alumel material is mado as tiny as llossiblo for 

better frequency response an.d greater Bcr",sj.ti vi ty. SineG 

the output from: the thermocouplo is of about 40 p,v , 

that is to be amplified before recording. This duvic~ 

is specially used for recording low-froquency cornponunts 

in the ternp~rah,re variations. 

7'1 

The clectroJrlc.s designed for amplifying the th(Jrmo

couple output consists of a 2-Bto.gO proamplifior, uinco 

ampli fication from u singl~ stagG is fOUlld to bu incld8quut u. 

Two low j.nput-noise volt()'gc opurational al1l1?lia~;rG (U1'!25) 

are used in cascad€39,4 0 The first staae of thu pre. 

amplifier provides a volt,.lge e;ain of 100 and tl1e socond 

stage provides a gain of 2,0.. The irlcoming 8ignals are 

passed through a low pass flil tor C7Lrl) with a cut-oft: 

frequency of 40Hz. 'l'hj.s uliminatc.:s high frequiJncy nois~ 

components and allows to record the low-frequuDcy compo

nents of the atm.ospheric tempera tu!'€) 'Variations alonG. 

'rhe final output is fed to on0 of the FM chanucls of the.: 

tape recorder. Figs.3. 26 and 3.27 show the Uwrmocouplo 

probe and the tiny chromel-·alumel bead. Fig.3.28 shows 

the electronic circuitry employed. III the prGstmt study, 

temperature data has boen obtained using both the dcvicus. 



18 



\F~g. 3.2i. C~o!Y-up 'view of ihfl Cr-Al 
t~rmocoupte:.(Tt!mperOltu~ KrsJIf) 

Material: Chromti -AiumcI in Ixa'd 
form 0 b«td sizt:; SOmicroos in dia. 

19 
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1 .. 6. Details of observations 

With the above set of instruments, simultaneous 

reeords have been. obtain.ed of the fluctuating parameters. 

Th.e [ollowin.g table furnishes details of Cor1(; obs:.;I'"v::ti ~ns 

carried out on different night6. the instrument at 

focus, diaphragms used, filters chosen and the photo

multi.piier tubes employed. Details of the stars chosen 

tor observatioI14 alao arc gi vell.. Sky and weather 

con.ditions eXisting during each night have been recorded. 

Details regardin~ the tape recorder channel numpers in 

which different paraMeter information ,was recorded, were 

caref~lly noted for subsequent retrieval of data in a 

systematic !a~hion. 

81 
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Wllile recordin8 st ellal' intcnsi ty tlud~l'1tion.s, biO 

diaphragms' of diffcrl:lll.t diamGtGrs were used separately for 

88 

obtaining data Gxclusi vel:.r OJi1 scinti1lation al;ld sGoin.g. . W:hi 1 8 

a fairly large d1aphrngnr) 9 sees of arc or 1 m.m in. diameter, 

has been used to record stellar intensity flUctuations (scin-

tillation). l a tiny di3.phru,b1!:, 25 microDoin diarnetcr equi Va-

lent 0.4 S.0C or 0.1'<;; haIJ bee;;n employed for recol'dil1G the 

bloatillg u.p and shrinkin.g down ( a IlIGllufestatiQn of seeing) 

of the sta).~ image. Stars of fairly good. mngni tude at dif:f':i;;-

ren.t zen1 th distan.ces ar0 chosen :for recording these stellar 

image in.t ansi ty fluctua ti()116 ~ This ,'ata is used for subso-

quen.t analysis to account for the effects of th0 depth of 

the utmoSIlhere the lit;;ht wnve would. prop,~ I~Dte in l'ouching the 

telescope. Observa.tion.B huvo buun carri(Jd ou'~ ut tho obsl.::l'-

vatory duril'.g differon.t nights iJ.nd for oach Hii~ht tho dnto is 

collected at difrer~nt hours. 

The amount of 'Varia.tian in light intensity with. bloatil:\g uy 

ondshrinking down of the stollar image call be likened to a 

similar effect of variation of illum.i.nation produced on a 

" screen when it is movod tuwards and away from a source of 

light. Here the invGrse squnr0 lawE ::: 1 i which indicates 

the pattern of illurniuc:\tioll ( E ) drop wi th increase in sopa-

ration ( d ) between the screen and the source, is quitc 

evident. Therefore, in the pres~nt case of seeing monitoring 
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thu variations in intun~-;ity durini:5 sooing fJ.uctu,:J.tions lIl[q be 

assessed by simulating 8imil~r varintious of intulloity of li~ht 

using a screen and n source of light and ~y ~aryinG thu dis-

tancs of sepQration b8twoon them. 

All tho abov~ d~ta hQVU buGn obtain0J as meutionod 0arlicr 

using diffortJnt instrull1lJuts and storing the di:.l.t(l so c1cquirod 

on analog tD.pes. 'l'hj.[;J cJnta rc:quircolo be (1IL~i tizud for 

processinG by usiag 1i:trgu cU-cital comput(~:r.u with hj.Ch r.:lor.:o-

ri0S. Dnta obtctincd. in Uk obsorvatory at Kuvo.lur, ond storGd 

in an<'llog tClpes art;;: dit).l.:.LzGcl at tho 5.cho01 o[ .r~_utOJ1w.Jl..ion in 

IJ1dim.l Ill.!:lli tutu of St.:10l:l.C8? Bangalor0 usint: the hybrid 

computer facility_ 'l'(l(;; hybrid cornputor s0ctJon in thu School 

of A'J.tomat'i.uH il:J 6110,1/11 In F'.Lg. 3 .. 29. Tho digitiz0d data nrc.: 

tnp<..:s .::.tro usod ets input ll1!(;:ciia subsoquuntly with DEC-1090 COltlpU-

tor systtJln for procef.miN; the; da.ta. Tho largo memory (256 K) 

of this systom i8 ncudGd,t for proce:Jsil1g data on Il.stronomiccll 

se8ing2'><atrnoslheric turbulonce j which arc; v(;;ry largo OV8n When 

the analoc data is d~:gi tizod at SELmplin.g frequGnciaB of 

500 Hz ami 1 IG{z, Datu from Kavalur has beon dit;i i..izGd at 

)00 Hz and 1 KHz Hi tb due:: rogCl.rd to tho iml)lic:ltion.s 0 C thG 

l~l 
Nyquistls critereon nnd thu fluctuCl.tins phenomona undur invos-

tigntion" 



\ 
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To be suru of whut hns buon digitizod couformG to what i~ 

to be diGitizud, th0 followinG stup is followod. First, th8 

display of Dunlo/:!; cbta frOllt EMI or })hj.lips tap8s if; S0Gn for 

over D particular loncth of tho tape. This portion io di~itizGd 

alld storod' on a 9-track nwguotic tapo. Tho 9-track nw.gneti c 

t·1}.)0. is now uS0d to r.;ivu thu stored datel, for dislJL:ty on a 

CRO scrc..811 aftG', tho SruilO has G0110 through D-to.A couvursion. 

If this display is comparublo to thu onu suon earliar ~ithin 

the tolGY'anco limito of tho sampling; fruquoncy dlos(;n j then 

it cun be said that diBitization has boun dono fairly woll. 

Dlgi tj z,od dJ.ta j.G sl.oY'uci on 9-track mn.Guct:i.c t:.ll)(:)'~:; In H~-b1 1.. 

format by this conrpll'L 1,;1'. For fJUrpusD,s of .cueoI'd) ,:.\ p:tpor 

prillt-out or the di[,":i.tiZtlc\ lin!:;,,:, from tllU hybd.d COliltJlILur is 

takl!l1 of n [C,\'I 13,:tUPJ.u f:i.ldB. 

Since DEC-1090 C OlilfJut or ey st em hnndlos h.l.£orrn:d:i 0D in 

36-bit form.:tt, tho forrn,it 0 f tho hybrj.d C0ll11Jutor ill 9 ·tr:lck 

tapes has to bo chnncod sut ti'lh1y. 'rhi.s is nchiovCJd by using 

a stalJdard subroutine If SvJAP 11 in tho !:iyst·om 8oft~.\.'·t'f() of 

DEC-1090. Aft(:r thl) forrM.lt chango) [L print-out of the SDnll.i 

sample £i186 ChOS811.. 0clX'li"X' with thu hybrid COIlql1..lt(;Y' is takon 

from: DEC-I090 also, Both of thom nrb cOlnpnrud and found to 

tally with snch othur purfactly. FiGR 3.30 and 3.31 show 

these priht-outs from th0 two computuTs for a couplu of filos. 

Thus it i13 verifiGt.1 nJrtt no .stag<J 01' digitize.tUou and/or 1'orttlat 

conversion) tho oriC;ju'::ll (btu. col1lJctud at Kl..1.vc:tlur LUldo1'L;O(;S 
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ai..1Y distortion. 

This lncthod of diG:Ltization ha.s sa.ved considerable nmount 

of timu and lElbouY' ill. inp1..ltini.: the dato to di[~'itnl . computers. 

Tho storage modium ill mD~nctic tapes is qui~u compnct and 

olegant, allowinG processing of data with computers located 

ill. diff'orun.t placer.;. 

Thu dotai.Is of the: peripherals of th(; hybrid computDr 

systUlJl Clre Elhowr1 Fic:. 3.32. frhilJ hybrid COlll'llutGr 511 <:.tG thl.) 

School or Autorni~tion in Indian Instituto of SCiIJHCI:J~ consists 

of PDP-ll!35 d:LGi tL~l computur. It hW3 96 KvJ uf n10mory, n 

lllngnotic tupo driv(J~ (800 bpi), two HK05 disc driv(js~ ono 

10HB diDe drive ~ O!lU LLnu print c.:I', Do card ruador, a DEC-wrj. ter 

Vli'-ll grO-phic liubsYGh..:m and. a.n analOG comput(;r (AD 5). 

'}'11w i.u').C(1ot..; computul:' hell:; lG Chi..111.1101G, 15 bit J\.DC Mid 8 VAC. 

'l'lw Syst(Hll i3 ctlF1b.L0 or lUi ,ll:.L:;,inC, 1Jnalog c!i.\tn. upto Q fl'lD.x:LrrLum 

Gnmlllitlt.;; ro.to of 10 Khz. 
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1:t. L Introduction 
-..-~~-.,---

The temporal fluctuations of astronomical sooinG and 

atmospheric turbulonce form a random timo seriuG and CDn be 

::.;ubjl.ct, .. d Lo m:.1.thClllttUc'll I . .tnoly·,sis for obL:l1rUlll.; viL,'.'] illi'Ol'--

mation. rugarding tho pbY[;lics undGrlyinG tho phonoilluno. rrh\.: 

lly cont!)i.necl by thuir <tutocovD.r:L[.mc~ fUllCU.Oll Llnci thlJ IloVJI..!t' 

spech- LLffi. ThvSG "U't: tho moc t u8u:t:ul int<::I'(;'stilJ.[:; nnd iJnl)Or-

cumpl'".tatioll is the oxtl.mniV01HJSS of thu U[I LD. rGquir,.d fOr 

highly prucisG ul~till1,;\t(;;s. This ruquirUlllunt is all inb0rIDnt 

ch~,l':::tctorj_stj.c of such random phunomcm.<::\.. 

Wo aha:!.l aSSUlilC; tlw t thu t',~ul.dom proc0ss is Gnus.si,:m. 

Thic; monns that thu jO.:Lllt lJl'ob:'J.bj.l:Lty rUstr:Lbut Lon \)1' th0 

vuIu0s at succe::.;sivu inGtant~ of tiwu tI' t?, t z , "', t , 
. (;..J n 

nallloly X(tl )) X(t2)~ X(t-:l)i ..• ~X(t ) is u·-dimcflG:ional llOX'lMll 
.) n 

di.str:Lbution,\ This diut.dbut:Lon 1s complctc:ly dc;l,.:1'l:lind by 

:= ave ~ X( t. ) ~ 
l 1 i 
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and by thG eov~rinllco 

Cov l x( t i ) , 
" 

C .. ::::; X( t j) . l 
~J ..1 

== ave {[X(ti ) - l(ti)][x(t j ) - X(t.)]} 
J . 

The .:l1.1tocovaric':Ul.ce fune tion with lag 1: is given by 

C ('-C' ) :;::: 

T/2 
1 · 1 J lID -T A(t).x(t+1~)dt 

T-)o:;> -T/2 

Thii:., 111::~Y be re:du.cod to tl1u form 

C(rc ) :;::: 

00 

J P(f) .ei2nfT df 

1 T/2 
J X(t).e-i2~ft dt 12 

-T/2 
P(f) :;::: lim 

T->= T 

and whuro P(f) duscribuG the powor spoctrum of th~ random 

process uncleI' eonsid~).l:'£.ltion. 

The relution uxhibitin~ autocovariancu fUllction us tho 

I~'ouri()X' transform of thu puw .... ·!' spuc:trurn r,lUY be j.nv01'tcd to 

c.:XIJ.r0S:;; thv :pow(n~ slJGC trUt11 i'lU the.; Fou.rier tX'a,Il.s:form of tho 

autocovariancc function. 

Thus vve; have 

P (f) ::: .. Joo C( G ) • e -i2TCf~ d't"' 

If W<J cOl1sidc::I' the rual pcu't of tiH) iJoluttoYl~ Uw rcl.::ltion 



+00 
C(C'"")::::: J P(f) COS 2TCf'·Tdf , 

and 

+00 

P ( f) = J c ("~t) co s 2 TI f 'C d 1~ ; 

viz" , 

il.l1d 

2 J 
o 

co 

P(f) ::::: 2J C('() cos 21Cf""Lct"Lv 

o 
'l'h~' tlJuorot ic,_,l :;LUlly I,) [' ~Ji,lln/I:i.IJL'; v<lrinu.LJ lty il:; l,tuch 

fU.i1ctioll. 

Xt+l = 

thl,.) prcwhitl.J1'1tJd sp\.-ct.ca will \.)0 flnttol' <,,-uei tllf),t'()foru 11.),88 

influL;l1cGd uy the i':in:L tC'!lCJt;G uf th ... , numbur of data I)o_Lnts. 
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Tho constcdlt OL6 is choson b0cauge it works normally wall over 

C\ "vido rnngu of circumstancGs. 

This opuro.tj.on n1Ul tiplios p( f) hy 

1.36 - 1.20 cos 2n f 

0. factor increasing from ~.l6 to 2.56. 

We calculato tho munn locged products as followins~ 

1 n-r 1 
~ X)2 C :::::: l:: Xt Xt+r - ( r t=:l t 

, 
n-r 1 n 

upto a carefully choson vnluj:') of r. " r is the percentago 

of lags, gener.::tllY kept at 5 or 10"/0 of the toto.l number of dat::\ 

points N. 

Bora (l!n-r) is chosen to ko(C)p C bias froe and oCc,-tsionally 
r 

this r(;cul ts in t1.mbic;uOuLl valuos .. 

The abovu is cQlculatGd with on adjustment for tho mean. 

Furthur adjustmGn t for ony trcmd may bE:! nocessary. Next ~ we 

calculatu thu finitu c08in0 80rius transform upto t m '. 

TIl0 choicu of 'm I dq)I';nds upon the freqneucy soparCltiol'l 

bGt.wocm tho adj,ac eut estimatus of tho povvur spectrum and is 

th8r~for0 guided by the amount of Gopar~tion consid8r&d aCCB-

ptnblo. 1m' should not normally excDod 5 to 10% of N. WG 

now calculatG th0 finite cosino sories trAnsform of C IS 
r 

above, 
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m-I 
= [c + 2 E C cos (qrn/m) + em cosern)] 

~q q=l q 

. 
now to thes8 values certain carefully chosen windows 

arc applied for minimising tho effects of ,having, a finite 

amount of data. Harulins is just a simple~ but very usofu1 

win.dow. Fig. 4.1 shows tho beh[lviour of this win.dow. This 

is used in ord0r to muku the main lobo in the spectral 

cunles prominent and t() rE;duce the side 10bGSLI-3. This 

window is represented by 

D('l') =(1/2)(1 + cos TI1:"/Tm) 
= 0 

for I rL"1 < Tm 
for 11"(1) Tm 

Where Tm is the maximum lag which we desire to koep. 

The correspondinG sp0ctral window is also indicatud in the 

figure. 

As a rt;;sul"L of HaruJ.iJ::lJG, wo obtain (;stilnato8 of the power 

spoctral density as 

·.f 

U 0 = (1/2) (V 0 + V 1 ) 

= (1/4) Vr _1 + (1/2) Vr + (1/4) Vr+l ' 

1 .5. r .5. m-l , 

= (1/2)V 1 + (1/2)V • m- m 



Spect r 0 I window Log window 
1 . 0 1. 2 r-------r---r--r---,---r--.. 

0·8 0·8 

O·L. - ... -... . 

0·4 O~~~~--~~~~~ 
-1'2 -0-4 0 0·4 1·2 

i/Tm 
0-02 

o~ - 0 
--..-..~ 

o 0-50 1·00 1·50 
fTm 

2·00 2-50 

Fig. 4.1. Lag window (Hanning) and its 
correspond ing spe c t ra l wind ow . 
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ThesG can be corrected for the prewhitcning nnd th0 m0C1n 

by forming 

n 1 
[ ". _l"'~ __ "_'_ J U 0' , 

o-m 1.36 - 1.20 cos 2n/6m 
1 

[ J Ur' 1 < r < m-l , 
1.36 1 .. 20 2r-rt"jrn -- cos 

1 
[ 1. 36"-=--T.-20 co STI--::-J7 6m) 2n ] U m • 

Tl1.eS8 Vlill now br..; the.: t3m:oothud ustiHwtc£.l of the; It powDr 

spc"ctrnl dc.:!1sity 11" P(:f). EOJtinw tOt, wl ch 13ubncrj.j'lt r apply 

to a fruqUGllcy ne;nr r/2m CYCluD par ob8orva~ion. 

!i.oj. Pilot a,IliJ.lys:is. for choiet.; of .~. __ L~:!..';;l!.!:'.El:Lr.!:J;:; frcJqu_2.P.El. 

ulld .E.!..l. pc"r_ccllS.IJ~_].D.LLJ~ 

S cin tilla ti on dn In fr()l~1 60-0ri.orlis ,'Uld 51-G ornl.tlo.rurn 

collcctud on 22.12.19'77 j,::J t:.1ulljoctod to l1wthum:'.lticcl.l ~.LYln-

lysis. A sam~l c of Lbu rvcDrcling j.n r~GP(~c t of the:::;(;: two 

stars is shown j.n Fig. )1.2. ThitJ d,::\.l;a is oLtainud through 

[t yella", 1'11 t ur, A GChUrll(J uf C oltlj?utatlul'1. ':,\.8 showll in to.blu 

4.1 ls followed. W, th~. total .numbur o( pOints is vnri~d 

first. F'or oach set elf l'J. I JJ:, t.h0 J)e.rcc[j CetCc:! of 1:1.[2) i8 

'1<.I..rL.d. 'rhroc diffel'~;LLt vnlul:s of marc :.uloYJtod. For thesu 

calcul3.tGcl accurdillL tu tJ-JU abovo fOI'nlLlln.u. vJhi.ll,. tho 

llaturu of the rusullirli::: pOVV(,!, sj)l;ctrnl d0fWi ty vc\lllcG lw.s 

b0cn tho samG thruughoui. by shuwiuC; ~.l docrutO:u..:(; vrL th j_ncl;,:l.Sing 
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'l'AtlLl!: - LI.1. 

---.. , .. ----"'--_._,------ -~,,--,-.. -."----,,------,-.. -.------,-
Case D.:lto 
No. 

Star N T 

(i) 250, '2500 
1. 22/23.12.77 60-0riouis 2500 Ims 2.5 G8C (i1) 500/2500 

2. 22/23.12.77 60-0ric)uis 5000 

3. 22/23.12.77 60-0rionis 10000 

L~ • 22/23.12.77 51-Gum 10000 

5. 22/23.12.77 51-Gulli 10000 

1m:'} 5 

Imo 10 

10ms 100 

10ms 100 

sue 

sue 

f31..;)C 

flec 

(i::li) 750/2500 

(i) 500/5000 
(ii)1000/5000 
(iii)1500/5000 

2000/10000 

2000/10000 

~00/10000 

------ -.".---'---'---'-"''''''-'' _._._.--_._----- -'._'-'- ---_ .. _.-
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frl::Jqu011CY 1 thesL) pOWl:l' SjJI.,;ctral dOilsl tieo ~H'l; lllu l, l> d for 

a particular cOlllbillatiol'\ (U:'3 in Ci"lSU No. ;, in. tJJU tL\olu. 

This l)lot is as shown in ]'~gQ 4 .. 3.A. It "LU I)b~wrvu(l tll:\t 

most of the:; pOW8.t" "l.u COllCl..)ntrnl:l:d wj_tl1i.n r\ .. l:"lttvuLy lQwur 

frequoncy rugiurL. A DilJlil:u' 1110t as i.n Fig. 11.,.8. j,IJ dr:Av/ll 

for COB,: No, LI in thu t:l1Jl(;. It :Ls not'Lc\)rj (vun 'in thtn 

CflBG tlJ.nt si.Ll1:ificant 1JO\11..)1' 1i08 \;vl. thin rol!:lt"i v\~ly lu\:V 1'['-::, •. 

ql..1.e>ncy rvcion. '.r.hi~; 11,,[; lud LU the ~]i"\l'u dloicu ul' :,ll)O Ih Ll.uel 

1000 Hz for th", srUill)] :lllL fr'0quunc:Lu!J () r nn:llul.~ (L:d;c~ corrl;lJ

pondi.nc to 2 ms and 1 Hl!:, fur tnt,-,r·cl:"\t.~'l c;alJ ill ttlllG. 

Inch,J.c.ntally thu i1.bOV0 }llut in Li'j.i~. 4 .. 3.B,· :.>:howt;i 

ambiguous pOW01' siJUC tr{..\ fCIr' cur tnln fret} ul;D.ci (,,8. I t may bv 

notud tlD.t this is an :n' U f.::!lot of t:.lLi; COlllj"lUt,:Lt leJllal procoss 

fii. Wi.th 1tl ar.; 

5% of N ( caSl: No.5 in th· .. tnb1-.: ) tllU f;\.lt110 rl!'LtD. is uubjoct-.. d 

to powvt' spectral :;w.:.\lysiG ~tlld it;3 Lut;; per) :10 dri:I\'m :J.u:c\irwt 

froqtl!oJVcy. This plot i::J showtL in Fig, LI·.3.C. In. thil~ can,,: 

there is no ambigui ty in rq;ctrd to th,_ valu.t;.13 of:' 11lY\'Jl.1:' 

spe ct.r al dOllSi ty • H ' .. 11 C U J j. L ha f:J b u un lll/etill t .:.l..Ln 0d tlu' OUfSh (lU t 

in this study to kGcp N l.J.l'C;u Clnd Til at 5% only. .. hac buun 

variGd from", cas8 t.o (::.\81.,; to ::.: t;.udy th() fluc;tuo:Liono in GUl..)illG 

and scintillation. as al.rJo atlJlOspllUL'j.C lurbul(;;llc,",-, pCU.','Ol.t;.I.:rs 

in different frl-qu,:llCY rl:l~i.ollfJ. 
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Obserli"in'" cOllditions al KD.valur 
-.----~.------------.-----.. -.-

Whilo the, abov0 (:;i vas us 0. brief pilo t CUl'Vuy of t.hc: 

sOGing phenOi:l0l:10ll at Kavo.lur on a quml.t·i tatl VU lJc.'I.E::d.G:1 t.110 

followiu[;,' providus D. '.lor.· dutailc..:d Gud vlnbor8b.: l[lw.li t(~ t.l vo 

studiOS of tho ph (;'):10nonon , A 8unnory of obsorv:Lnb cl)Jldi tioJlG 

at Knvalur ObS8rVGttOl'y i l3 sl:~\tus th:.,t llo,:1rly !i.fty per-cunt of 

niGhts 011 which obs,-,X'vnl;iou.s can bu ;,wde lHtV(; 1>00r1 i)uttcr th~lll. 

1.5 ere sGcondsQ Ar.101Jg till.! sou cherll locr.t tiOllG .l.ll I ll(ij,a frU'1 

20 c10ar l!l·ornings which io !:d)Jout 25 purcunt uf tll'.: t:L:.H_ !:U'l) 

avai1ab10. Durinc ;:lOot 0 f t.ho yuar murl.) than 50% of tll .... 

]elOrninGs are cloud frue" 

Bust obsGrvillG condi'lions aX'u ill! the ilyonths of DUCGlilbvr 

to April whcn a hiGher porcuntagc..: of the niGhtu is 0.1so 

photuL1ctric. There; is 801:10 corr'olaU.on 01' sou:i.nG with hU;,1i-

ground ft! ~ that ftll G in. th (j vall oy S Gnd ravin l.'.s around 

Kavalur and seldoM rOQchuB thu tCluscopo thnt '8 locDtud 

contribute to sooine cffects in the tropics. Thc8U fire: 

1. thormo.l U1'fl,Cl:.S tn thc~ ilJ1;,lOdi0.t~; vichlity 

of the tulGscop~i 



o 
10 

Q 

15 -

o 
10 

Th4.~·llronom,Cilll S&e,nll at I'l!valur 

ANNUAL 

M,ORNING EVe NING 

J U ~J E • J tJ LV, AUG U 5 T 

MORNING EVENING 

Fig. 4 .4· Number of days with cloud amount less than 

three aetas. 
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2. a lay8r~ L'vifO to thr'uo bundrod' C!ot:c·\.:.: 

hiGh which is thu ~rincipol contributor 

a.nd or9,~:rLLllhy dL.. pond 0l'L.t j 

,3. a hie:h lUlJ(Jl cOl'1.trib:utiou which j.:; >. P,:l:Ct 

of thQ lorG~-scRle glob~l circulntian. 

J1l 

Obsorvin.g conditi,ons nb KD.valur in, hrmr., of Dj)(.;ctroscopic j 

photolnvtric £In.d clutu' n:Lchcs ( in IJurcI.mt(J.C;I) ) or(J I:1howlJ. in 

TEl.b18 4.2. 

Table 4.3 shows tho ~erconta~o of obs8rvod nichtB with 

differ~nt yaluGs of s8oing. Kavalur station io cOllip~rud with 

othor locations· el[:)(j\!lwJ:'o tn th (; world. 

A samplu plot of 8Goin.G evaluation durinG 80ch nicht is 

shown in FiG- 1+.5. Ii'urtlwc a s<.1.Inp10 f)ut oJ histo l ;r'.I.'s 01 Knv,:\}ur 

80ein..c is ]?1'CS(JlltcC1 in FiC. 1, •• G. 

With tho backuround olthu nbuv0 pilot qu~ntitativv 

analysis and &l~borutQ qualitntivu studiu8 of suuinsnt 

Kavalur, it is VXP0ct0d that tho following dutnilod powur 

ISIJ8ctral analysis of ::n;cirLL; ~ s cin t ilIa. tioE emu coherUllC C 

analysis bctvJGEJn thDSO t.wo tndiviclual phUX10rHUllOn and atliluD

:pheric turbulcncG would provido llwro 80UrHt bW;;j.fl for 0 (.:10111'01' 

and definite: interprutation of bho rnc:chnIlisl.1s cauLd.l1l, tho 

o bs erved Ol'lt1 cal i::Lc.1L.,l" dis tor tiona" '1'111) ulilphasi D JW8 bGc;n 
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I The following ta01e shows th~ porc0nt~cu of obsurvod 

nights with diffuront ValUGB of Bueing. Kava]ur st~tiun 

is compar6d with oth0r loc~tions ~lswhur0 in the world. 

Location. 

1'01010, Chile 

Junipero S8rra, Chi10 

Kitt Poak, Arizona 

Cc:\uary Islands 

San Pedro Martin 

Flagstaff, Arizona 

KLtVc~lur 

----_._--

B(;st 
S ,-"~oint,!; 

ObSCl'vud 

0.70 11 

0.50 11 

0.'75" 

0.75 11 

LOO" 

0.50 11 

--- ---_. "'---
Porc~ntr~o of obslrvud 
niljhts ,Jith [tv()rnp;u 80_" Tot~\l 

inc; DS ilLdicatc'll l'lLunbl:l' of 

-1."Qt"--1.11' -:i~:G;-' '2 :07r-ni e;htG 
tu to obs,;rvuci 

1. 511 2 .. 0" 

.. _---_._---------

2Lf 32 22 22 509 
26 38 13 23 558 
15 30 16 39 253 
50 29 10 11 38 
15 25 17 LI-2 52 

1 5 29 65 80 

2~,. 7 30.4 23. 11- 21.6 795 
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OEC29/3() 1974 
.n Spec dO Phot:3 ' 
4~ 

•• 
21-

DEC 30/31 197L. 
Spec: 11 Phot:9 

DEC 3111 JAN 1975 
S.P e C : 11 P hot : '3 
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---v-" ~ ~ -Jlr-
O.-~~I~~-+--~--~I~---4-----LI ____ ~ 

JAN 1/ ... 1975 JAN 2/3 1975 JAN 311.. 1915 
Sp~c:S.75 Phot:8 5pec:9.75 Phot:6 Sr@c;9.75 P.)ot:O 

.. 
2 .... ""~-~ 

--~~ O~ ____ ~ ____ ~~", ____ ~I ____ ~ ____ ~I ____ ~ 

JAN 1./5 1975 JA~5/61975 JAN6/7t975 

Spec,g.75 P hoh9.75 Spec;9.75 Phot:8 • • f- , :: - 68 - , = -59, 
/ 1 

If Spec,S.j'5 Photl9 
4-

2- ----Ai "" r~ "" ~ 
O~ ____ ~I~ ____ ~----~I------4-----~I------~ 

JAN 7/6 1975 JANe/9 1975 JA~J 9110 1975 

'. 'SpecIe Phot:O Spec l g.75 PhotlJ Spec:9.75 Phot:O 

:: : fC-: 'JlJt 
O~ ____ ~ __ ~I_· ____ ~------~I~------+-------~I-------. 

JAN 12/13 1975 

.. 
4 

.. 
II-

JAN 10/11 1975 
SpecI6 Phot.,.O 

-

JAN 11/12 1975 

-
CLOUDY 

Spe<::5 o hot:O 

h. Co 

...J b=-69 

O~~I __ ~I __ ~I--~~I--~I __ ~l __ ~~I--~f--~t~ 
'330 18JC: 2330 1330 1830 2330 1330 1830 2330 

TIME 

Fig, 4.5, A sample plot of seeing evaluation during 
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to study the dGtG of a few solectod stars durinb certain 

nights r:EOr0 int,msi vcly. 

It was SUSS()stc:d by Elarlier workers that if the: data has 

any troDd, it i8 botter the S(llTIC is rcmovod bcfor(~ vrocossing it 

for com.,JUto.tion of pow0r spoctral dOllsiticE3 and coh8r0nco 

values ~t diffor~nt fruqu0nci0s as othGrwiso it ~s likely that 

di~ordant values for the later quantiti~s bu encountoT0d. 

As such~ when in fact, discordant values for cohorenco 

rocurrod dbspitc sOTeral trials on different strotchos of 

datG, tIl0 nature of tho tim~ historios itself was 0xar:rinod 

and 80~0 of thern did have the characteristics of a ccrt~in 

dofilli tv trL:ud. Followinb the " Averace slopt) mot.hod i1 [;;i v ell 

by Bi.:ndat and PiGrsoll~.~. as doscri bed below ~ the ohs(;rvvd 

trond in thc' duk!. was rvllWV cd. Pow0r spoctr[,tl dl:llSi tics 

obtained fron this trond-fru0 data werl) used to Lot cohorunco 

valuGs. This prOC(;ldllrU is rl. COlill'1'Ond0d by Blo.cl';:J:1Cl.ll ttnd Tukoy42 

011is and Enochson45 and )~1s() :"Y ; ... n;>' O'i:;h0I' '.,c)rl<:(:rs. 

Averago Slopo Mothod: Let, tlw original r,':mdoEl rocord 

be roprosonted by 

o < t < T 
- - r 

(Tr is tho record length duration) 
-wherE> U donotos thv sa;Ylple ':10an valuo of U( t) over (0, T r) , 

-tho parameter aU denotes tho average slop;) of U( t) with 

respect to t? and x(t) is th", correctod sculmle rucord with " . 
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zoro moan value and zero avcraGo slope. By 1.t1t\.JG1':::ttinl; u(t) 

to ; allU C::lll 801 Vi..; for 

Summation bt;;ling uquivulcnt of int(;;gratJ.un 

1 N' 
[ 1: 
n:::N~ 

U n 

h = Interdata gap; Nh =: T ; 
r 

v 
l:: 

n=l 
u ] 

n 

~ a T /3 (largest integer 
r ~ N/3) 

The cha.o.gu in th" natul'(; of r:~lW d:.\t[.l bt;fu.t'u Clnd nftul' 

tren,d removal is shuWJl fa)' n couplu of sCllnpJ.(.; r0cordill;';o 

monon of s8cing is COml)uGud of COt:1POl101LtS (.)1' chfforunt 

froquen.cies ranGiJ.l(; upto 500 Hz or somc.:ti.nos (;V011 hiGher. 

This is in koopiuL wi"4h th(;; work rupor t ud e;::trlior by 

Prothoroe (l955)2~ a.nd Mikusd11 ut <11 (l951)'2G, 

From da.ta colluctcd fran stars at diffurunt zenith 

dlstancOfi' and 011 diff<"Tl.nt llil-;ht8~ it is obSO,CV0d that there 

O:i'i;~t distinct poults nt diffur,:,nt laGo jr,. thoil' II ,'J.uto-

correlation vs, tililu 1Cl[; II plots. Thu corro8po[lclillL~ J!CJw0r 
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Sl)()ctrnl density plots j.ildic:.::.to till) cleor llxistunco ur dOllli·· 

D.D.nt poriod COl1Ll)Ulh;nt::.;. 

The weathl.:I' c(Jlldi honD at thu Ohl.h,l'v~·llor'y st:t.LiulL durinc 

thus(; niGhts of obsc:cvati.ul1 wur", !!lostly noI'uo.l with a tcnc1.uncy 

for humidity to illCrCntS0,and It:r:lp0r:':lturo to ducrt:?asu \..,il;..l ti:.to. 

Sooing and transparoncy, judGud qualitativGly, W8ru fair. 

It is noticed tlwt Lh u powur Sp0ctl'Um of' 8()u:i.llC imLLcnt...:s 

it is found that cli::mL'Cl f:Lltul'G i.u.) thu ...:f:C0ct ulL w;lv£..1011Ctb. 

of 1ight~ of the turbulollcU j ho.s boun miniLlaL 

telGscopG vlhilu ohsol'v:Lng otaI's at difi'01',mt zUi'1ith. distrll1c\3S. 

Analo~ data so collGC ll;d VWS l:1,.uup10d I as montion<Jd oCl.rltol'l 

at 500 Hz and 1000 Hz, 

To study the,; 101[1 frl)cpun.cy C0l11l,00nunt.s ~md nlso to lIuup 

dOvIn tho computc\tion.aJ. tiHIU tu (:1 ri:i.u:;cnablu limi L ~ diltil 

IJoints .::tt (wary 3,~ IIlO \'!l)r0 tnh:on. Vltth N as 1000 ':111(1 J:L W] 

5% and the: intcrdat.::l i;D.p of 32 l!IS? it turns out thClt the 

o aud 16 Hz ilS I r . t . j. • II 2. f . I' t . ',Yc:1.t:l fJ' crl'("l:.('l.Ul1 . ur J.U uCEUJ. ·lUl.l 
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10 

25 

Exczreise No. NNN 4 

20 30 

S ca Ie: X -Axis 1· 5 ems = 5 uni ts 

Y - A xis 1· 5 ems = 0·40 J, 

LoO 50 60 70 80 90 100 

Time lag (ms) 

Log of power spectra I density vs. Frequency 
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Ex ere i se No. N NN 4 
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Fig.4.9b. 
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175 200 225 2 SO 



B3 

E8 

EB 

EB 

I 

~Star 
HoW ,/' /' (Med HA) 

/'" 
~ 

I 
/ 

--* --~-- Star 
(LOW HA) 

Through blue 
and yellow filters 

! Star (~Zenith) 

H·W (Hotwire anemometer 
sensor) 
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Analog data sampled at .6t = 2 ms (fc 250Hz), 

1 ms (fc = 500Hz) J 32 ms (fc= 16Hz) ) 8 ms (1c=62· 5Hz) 
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Their uutocorr01~tion and powor spuctral donsity plots 

show many peaks \,hos8 periods and sIPctral dunsitiv8 v;f)ry 

from experi~lnt to 8xpurimunt. Parts of tho same record 

have nlso bi.;oo samplGd at 2 ms intervals, thu analysis 

yjolding typical high-frequGncy characteristics. 

Appendix-A giv~s computor program. C Fortran-IO ) 

listin;;s for plott"il1[, rC~\1 data, evaluatinc uormalised auto

corrol.:ltiol1 fun.ction, lOfjStri thr:lS of l)oVlur spoctral diJllsi ties, 

cohorenco and phase anglus. Also includod is tho listing 

for actual plctt1~G cf these values. 

Some: sample plots l)(:)rtain.ing tu atmosJ?heric tJ.rbulonce~ 

data for which was collect0d synchronously with se0in~ data 

aro shown in.. Appendb:-B. This p0rtnil:JS to the:ir POvl vr sl)Octral 

densities. 

An. example of low-f'rcquohcy sp()ctrUlI1 in. r0sjJuct ~lf tlw 

sec.:int.:; phenomenon is shown; in Fig. L~ .11. Thu powor spoc-

tral density 'plots indicntu thUp!~S0nCO of com~onunts of 

frequoncies from loss than 1 Hz to 16 Hz. Tho individual 

valu(;s varied on dif [Gr~n t. occ.::olsi ons, but SOWJ pcrsistcn t peaks 

e.g., at 1-2 HZ3 4-6 Hz and 10-12 Hz arv suun. This is shown 

in. fig. 4.12 • .,. Tho r0sults Llrc summarised in table ~ .Lfo 
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coherence analysis of Kava!ur seeing 

Scale: X - Axis 1· 5 em s = 5 units 

Y-Axis 1· 5 ems = O· 40 JJ 
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4·80~--------------------------------------------' 

4,72 

4·64 

4·80 

2·6 

29-Vulp<::CUlie 

Plot -1 

T -Acquurii 

Plot -2 

"A -GerUrlorurrJ 

Plot-3 

Plot-4 

'.56 3·1 4·6 6·3 7-S 

Fnzquency (Hz) 

Fig.4.12. Composite plot of. low-frequency component 
study of seeing phenomenon. 



TABLE - 4 .. 4. 
_______ ~S~T~U~D~ OF L~¥-FREgUENCY COMPONEN~ 

Froquency Log Power SpGct~ra1 Density Rom~rks 
(in liz) (By arbitrary scale) 

0·31 LI-.13 

0.62 4.27 
0 .. 93 4·32 Peak Region 

2·5 4.26 
3.75 4·13 
5.0 4.22 
6.25 4.19 
7.0 4.16 
8.75 4.19 

10.0 4.17 
11L.56 4.29 Puctk Rogion. 

13·12 4.13 
14.06 4.20 
15.0 4.12 

-------._--_._----._--------_.-

128 
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A representativo sample of high-frequency power spectra 

is show~ in FiC. 4.13. This depicts pow8r spectra from indi

vidual observations identically analysed. Tho summary of 

results is "l"lI'esontcd in table Lj-.5. Tho pr0BOI1CG of 50 Hz 

and 150 Hz componcmts can 'be clearly secm.. 

Thu cOincidence of th8 components at 50 Hz and 150 Hz 

with the pow.::;r lino fr()q(,)cncy and its third hormonic caUSGS 

some doubt about its nt~oG~horic orgin. This aspoct hus been 

studied in depth and it has boen found that thuro a1'o amplG 

indications in support of its non-instrum0utal Goneration. 

In: any detoction systom th0 rGcorded infiltration of 

tho pOVler li11.0 frequoncy llr it harmonics is directly rGlatod 

to tho gain introduc8d in thu system. Moasur0buDts taken in 

those studies cover a wide rung0 of star brightnG8sos,wh~r~ differGn: 

acroun~of amplifications had to bo employed. If the two abovo 

l:lontiouod frequon.ciuG :.1.1"" uf instruUlcmU\l oric;in, thuro should 

have been a direct corrc~ation of th0 spoctral d~nsities with 

th,e magDi tuco of thu etc-H' { such an u f fuct is not noti c(9ablc 

in thu samplo. In FiC- 4.14 is shown the valuus of loC PCf) 

at 50 Hz for a fL;w starD of cliff0J'L.nt bri bhtnot'3flus. Th0 

n'3.turl..; of variatiuns inJ.ic~ltL.s chat the; .sourcos a1',-, llut of 

instrumental origin. 

Furthor, tho depundcnce 01' thL; fr0quol1cios of SUEJinC 

phcnoElO11on with the::: zon.ith distance of the; st.::\rs bas also 
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Fig.413 A composite· plot for high-frequency 
component study of the 92eirg phenomenon. 
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TABLE - 11-.5. 

STUDY OF HIGHER-FJ:(_EQUl!;NCY COHPONENTS 

Frequency 
(in Hz) 

10 

30 

40 

55 

70 

80 

100 

120 

155 
175 
200 

225 

250 

Log Power Spoctral density R~marks 
(By arbitrary scale) 

.5 .07 

4.93 
Lj-.99 

5.lj·4 Poo..k Re gi on 

4·97 
4.93 
4.99 
'+.96 
5.16 

4.92 
Peak 1~8gion 
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been studiod. If thOSl! disturbanc0s are of atmosphoric origin, 

thero should bo sliGht increase of both 50 Hz and 150 Hz compo-

uonts' in their amplitudes with sec Z. Fig. 4.15 shows log 

PCf) plott-od again.st sec Z for sooiuG dc~ta at tho characte-

ristic frequency of 50 Hz, showing the expected D.scGnt of the .P( f) V::l\. 

Nnxtl;Y;i't is noticed also in th0 cast:) of l)owor spectral analysis 

of wind spoGd data collected simulto.nc.:ously with stollar 

intonsity fluct 1:atiorls that thGr0 oxj.sts simil3.r poaks with 

significant coh8roIlccs at spc;cific;d froquoncius. Addi ti onal 

poaks in the:: .spoc tral dunsi ty curvus of G:..12iug 1?orh.'.ps indiCJ.,to 

iwpoct h'"'o boun dil Jll CI.,;':; I (1 :i.n the; fifth ch.::tpor • 

phenomenon 

studies of astronomical seoing have boen based on varia-

tion of li~ht intonsity of n small roprosentativQ patch 

( 0.4 arc sec) of the smoarod star imaGe. In 8xporimouts of 

astronomical IJhotomctry, vClriations in the I:,otal light int\.-n-

sity known as scintillatiun aro imDortant. Thoso have boen 

studied by ohtaininG roc ords of stullar intonsi ty fluctuc\tions 

through a diaphraGtl largor than th(; sooinG disc. 
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Tho <1utocorrclatilln and POWUI' sp()ctral dDlLf:ity pluts for 

such datn as obt0in0d thruu0 h Q d~nphraGm of 9 arc sue diQ

motor revoal charncturistics 0f sciiltillotiCJJlo It 18 found 

tho.t thero nru distinct ])vaks at Sl)0Ciflud 10.(;8 si1.,nii':t·illG 

prosvu.co of soll:ctld p0rioclicitios. CorrospolldinCly, thur..., 

arv spc..:ctrD.l don.si ty 1")(.:,,1.11:.,3 nl.; appropricltu frl.Jljuoncic.:,s. 

Rocords takon for sturn at ~irfarcnt 01uv<1tion8 in~ic~tu 

variations in thu Doq~r sp~clrnl curvu. FiC. 4.16 shUWG 

normalized autocorr~litioll and power sp0ctrnl dUDsity plots 

for low-fruqc811cy rug~on) upto 16 Hz. As in th~ cusa of 

soeinG, therG oxist in tllu C<H"lO 0 f scin t:LJ.1ation 0.180 dis

tinct fruquonci0s at which p01t!0r sp()ctrnl d(.:l1sitj,o~1 11o.vo Q 

la,rf;0 Jl~\Gnitude. 

A cOtn'l)nrati'l/o ntudy is made: (if t11is phOll0l111.Jl10n wi thin 

lower frequency 1'06io11 bctwGun two analysod rucords and is 

found that thoru ar~ vary claar low-froquoncy components 

recurrine consist un tly j,n thuso obS0rvaticm.s. Thosu fl'OqU011-

ciGS aI'\:;; found nt·3.l Hz? ·~?1.3 Hz, 13.46 Hz. FiG LI·,I,? 8110\'113 

th0 comparativu study tn.:.td8 uf tho l)o\N\.r opoctrnl dOllG-ltiCJs 

v!i thin thl: 10VI frcqu(mcy I',,~;j.()n of tll\., 8cil1tillo.l:.ion phunornonon. 

A couplu'" 0 I' scullpl c: rucordG? l1orma]j:zud 'aut0corl'\Jl~ ci(Jn 

Vs. timo lag' plots and 'locarithhl of power sV0ctral dunsi

ties D.gaiD.st froqui:)llcy' plots in. rGsj)(;:ct vI' ocint:LlV,~tion. 

phenO"U8non as purtntnint; to tho hi[;hor froquuncy rUI~iCJns 
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Exercise No. 04 Scale: X -Axis 1·5cms = 5 units 

Y-Axis 1·5cms = 0·40 

160 320 480 6L.O 800 960 1120 1280 1440 1600 

1· 5 

Time lag (ms) 

Log of power. spectral density vs. Frequency 
Astronomical seeing 

Exercise No. 04 Scale: X - Axis 1·5cms ':: 5 units 

3·1 4·6 6·2 

Y-Axis 1- 5cms = 0·08 

7·8 9·3 

Freq uency (Hz) 

Fig.4.16. 

10·9 12·5 1L.·0 15·6 
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1.Peg~Bi 

';'5 3·' 4·6 6·1 7·6 9·' 10·6 12·1 13·6 15·1 

Frequency (Hz) 

Fig.4.17. A comparative study of power spectral 

densities of two records of scinti \lotion 

within low - frequency region. 
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are shovm in FiGs. 4.18A and B an.d 4.l9A & B. Whilo there 

Gxists loss lJromin.0rLt puaks o.t sGveral spocifiod fruquc:n ciGS 

wi thin 250 Hz ~ it is found that tho two distinct punks arOlllld 

50 Hz and :1,.50 Hz Jila,ke their apI)0.:lranCG in studi8S ';11 scin.ti

llation also. A similar c6mprchonsivG plot of L06 PCf) Ve. 

f is drawn, which indicates tho samo characturistics. This is 

sllown in Fig. 4.20 an.d th0 vnluos uf p( f) aT0 bi vun in tho 

accompanyinG tablu. 

As there exist thuso two frequoncy compon.ollts in thoso 

studios, a simlar ar/SumGnc is advanced in re[D,rd to the care 

tJ ho tabm vlhilo clr.\s8J.fyinC these componunts as h.avinG bOGll 

cCLusod by the intorvuninG ~tmoSphGr0 butwucn tho star and thu 

te18scopo. Thu doubt nbuut tho prwscncl: of th8 frequency of 

a powGr lin£: at 50 Hz and its third harmonic nt 150 Hz is 

dispellod by studyinG the; valuoG of P(r) for sta.rs of diffe-

rent briGhtnossos [.LS d0nu boforo. fiG· L~. 21 clearly shows 

that tho cause fur such [t b0l!aviour con be uthor th:.m the 

power lino frequoncy. FiG. 4;22 indicatos tho variation 

of PCf) for stars with diffurGnt zenith dista.nccs. This is 

rath0r 0XI)()ctcd nlld sUlhKir ts furthl..r the l1vl1· .. instru:,;olltal 

origin. of the two prodomin~nt froquoncy compon&nts. 

Further, whou plots u! power spoctral d0llSitios Vs. 

frequoncies corrcspundins to turbulGnco at diffcrdnt lev0ls 

ar0 cornpartd, thur~ is fGund t~ bo nn npvrccinble docreo uf 
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Froqu(;1lcy 
(in Hz) 
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correlation. arn:oll.sst the physica.l processes takinc place along 

t.he heiGht of tho I-m: telescoPG dome and in: its 'Vicinity. As 

such, the effects of upp~r layers of atmospheric turbulence 

(j:ust above the low lyin.[ atmosphere~ on. distortion of optical 

imaGes are expect0d. 

A sample curve of P(f) corrospondinG to stollar inten

sity fluctuation and atmusphuric turhulenco ( windspoed ) 

obtain.ed through their simJUl tal1.eOUS study is shown in 

FiC. 4.23~ Appa~ntly there ar0 specified freqtten:ies nt 

which th.ere exist a fair degree of corl"alution between. the 

two quantities. 

A dotailed rruathom.::ttical discussion of th0 simultD.noous 

study botween. sOGinG and turbulclJJ.ce und betweon turbulence 

v:alues at. different heiGhts is mude in th~ following chupter. 
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~. Wcnthcr conditiq~s 

Tho weathor ond sky conditions pr8vailing at Kavalur 

at the time of obsorvGtions arl;; as indicated in the following 

table. 

TABLE-4·Q .. A 

TABLE SHOVJIl'IG WEATHEl~ CONDITIONS BET~~EEN 21ST AND 

25TH MAY 1981, AT KAVALUR 
(BETWEEN 1800 Hre IST AND '" t ')0 Hrs I,ST) 

-,------ ,-"------
Sl. 
No. 

1. 

2" 

3. 

4. 

5. 

6. 

7. 

Particulars 21/22 22/23 23/24 24/25 25/26 

Tro.nspnrElucy Good Good Fair Poor Goad 

Sc;;uing Fnid Fuir 211 Good 

Humidity 36% 36% 35% 41% 50% 

Temporntur8 31°C 31°C 31°C 31.50 C 30°C 

SI)EJctroscopic hours 8 8 4 4 8. 

Photometric fiours 4 4 0 0 2 

Romnrks Nil Nil Ovurcast J?assing Nil 
Clouds 

._ ......... __ ._--_ .. _' .. _--. __ .. -.. _- --.-



Sl. 
No. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

TABLE - 4.7.B 

TABLE SHOVJING W:E;ATHER .'ONDITIONS B:::'T~EEH 
21STAND 25TH l'JAY---1.281 AT KAVALU~ 

(BETWEiN 21 'Hrs IST & 2400 Hrs IST) 

Pa.rticulars 21/22 22/23 23/24· 24/25 

--_ .. _--
Transparen.cy Good Good OVl;rcast Poor 

Sewing Good Good 211 

Humidity 38% 38% 50% 45% 

T0tnpOraturi:J 30°C 30°C 29°0 30°C 

Spoctroscopic hours 8 8 Lr 4 

Photometric hours 4 4 0 0 

Remnrks Nj.1 Nil Overcast PassinG 
Clouds 

.. _--

150 

25/26 

8 

2 



TABLE ... 4.7.C 

TABLE SHOWIlW WEATHER CONDITIONS BE'l'WEEN 
21ST -AND-"25TH MAY 12..81 AT- .KAVALUR -

(BETWEEN 2400 HRB 1ST TO 0300 HRS IST) 

--_._---_._--_ .... --_._---_._._----
Sl. 
No. 

1. 

2. 

3. 

4. 

5. 

6. 

7, 

Particula.rs 

Trc:msprency 

Seeing 

Humidity 

Tompero.ture 

Spc:ctroscopic houro 

Ph;ot olllGtri c hours 

Rem.arks 

21/22 22/23 23/24 24/25 25/26 

Fair Fair Ov;crcast Poor 

Good Good 

55% 55% 55% 51% 

28°C 28°C 28°C 29°C 

8 8 4 4 e 
4 L~ 0 0 2 

Nil Nil Overcast Passing 
Cloud 

151 
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TABLE - L~. 7. D 

TABLE SHOWING ~vEATHER CONDITIONS BETliEEN 
21ST AND 25TH MAY 1981 AT KAVALUR 

~BETW];EN 0300 HRS IST AND 0600 HRS IST) 
""'-"-

81. Particulars 21/22 22/23 23/24 2L~/25 25/26 No. 
. __ .. _-

1. Transparency Good GOQe,;. Fair Fair 

2. Seein.g Fair Fair 3" 1" 

3. Humidity 78% 78% 57% 65% 

4. Temperature 26°C 26°0 27°C 27°C 

5. Spectroscopic hours 8 8 L\_ 4 8 

6. Photometric hours 4 4 0 0 2 

7,. Remarks Nil N:i..l OvercQst Passing -
Cloud 

_ ...... _-
--.---.----.--~-.-
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On subjectins a pair of timo series, stellar intensity 

fluctuations and one of the atmospheric turbulence parameters 

( either wind speed or atmospheric tempe1atur~ )~ to spectral 

coherence analysis,the voluGS for coherGnco and phase diffe-

rence between various Fourier compononts of the two fluctuating 

parm;.Gtcrs were obtained. The ma thomatical method followed 

for evaluating coheronce and phase anglo is as originally 

formulated by N .R. Goodman. In recent liter2\turc, many forms 

of thu formulae are found '114"[1·5 ,47 ,. The mothod outlin.od in 

Goodmr.m I IS 46 paper is folloViled in the present work. The cohe-

renee between the stellar intensity fluctuation and turbulence 

fluctuation is briofly discussed below. 

We bave synchronous time historios of duta pertaining to 

astronomical s8einc; and atmoDphcrlc turbulonce. Lut us d(:)si-

gnats them Sand T resp8ctively. Their power spoctra as defi-

ned in chapt 81' IV will bo P (f) and PM (f) Vlhi ell rG1JH~sent tho S .;. 
spectral densities of the two eloments at any Givun froquencyf. 
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Let us now define the cross-spectrum p$~ (n as 

;;;:; 

which is Fourier transform of the cross-correlation function 

CST(t). Generally the fU!1ction Psr(f) is a comlllcx quan

tity and can be represented by 

the quantity RST( f) being the real part of the transform? is 

called the co-spectrum, and SST(f) , the imaginary part, is 

called the quadrature spectrum. 

The cross-correlation function CST(-r) is composod of 

two parts~ viz., the oven part 

C~T(t') ;;;:; lim h 
T -> 0::> 

and 4he odd part 

Csr("r) ;;;:; lim tr 
T -) co 

+T/2 
J [s ( t) • T (t+'T) + 5 ( t+T") . T ( t) ] d t 
-T/2 

J+T/2 [S(t). T(t+t) - S(t+'C'). ret) ]dt 
-r/2 

It can be shown that the finite cosine and sine series trans-

forms given by 

+= 
== J C~T( 'i).cos 2Ttf1:d'"t 

-co 



J.55 

and 

+<::0 
J C- (\ 51" n 2nf -L' .... d r,\,L, ' 5r'. ':::! r/ 

an.d known a:s co-spectrum and quadrature spectrum contain the 

basic interrelation between the two series. 

The quantity defin.ed by 2 
RS2T (f) + SST (f) 

ref) =[--~----~---
Ps(f).Pr(f) 

is known as the 11 coherence II and is a measure of the cross-

correlation between the Fourier components of th0 two v~riables. 

The quantity 

9( f) arc tan 

gives the phase difforence between them for the frequency band 

centered around f. 

Errors in. the deter'mination of these two quanti tios o'iJing 

to ~ finite 'lEmgth of datc!- cal1b~ calculated in terms of 
>f 

equivalent degrees of freedom, For the phase angle G(f) 

the error is given. by 

arc sin 
2 " 

1 - r (f) { -2/k ~ ] 1/2 
[ 0.5 - 1 ) 

r2(f) 

where k is the degrees of freedom as defined by Blaclcman and 

Tukey (1959)42. .An approximatS3 expression 6r( f) as given by 
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tho analysis of Van IsackGr (1961)48 ~ is 

4P(f) 
r(f) 

P(f) 

where4P( f) is tho j)robable error of on\:.) of the associated 

spectra, The exprossion is valid provided the value of r(f) 

is not too small. 

As mentioned eurlj.or, data on both astronomical GGGing 

and atmospheric turbulence is collected simultnnoously, not 

only to study the power sp0ctra of the individual time historiee, 

but also to study the coher~nce butwoon the two pruccGses. 

Further, coherence in atmospheric turbulence amongst different 

layerL: 'i:,;o 11.1.:18 been invest:iC:.l.ted, 'p'-'trtj,cularly in rugClY'd to 

7-chcmnul analog tape rocorder :i£, fod with inputs from PMT 

installed in dif:[erunt chrncti,ons and huights. The l"1et- work 

of inst,:'lilltioll of these SQnsors j.s cl(,)~:\rly shown il'l. 

FiG. 5.1 shows the tolescope pointod at an Obj0ct about 

4 ::;0 . t· ::; poal lon. The telescope is trained at diffor~nt stars~ 

scsmning tho slq and thus coverj.ng a r;::mL';o of 2',onith d"LHtal1ces 

ond stellar ma'(;ni tudes. 



Fug. ~. m opt~ra! tl'llces(opf, pointed ot an 

11. ium hour ~~n9te posit ion. 



Fig.S . re sensor installed 

c:kHTMZ slit height (approxima1e1y 

me when or 5 ignols were 

eded simultaneously with t t of 

windspeed. 



Fg.5.3. An array of not-wire sensors 
projected out ai the cat-walk 
height. (approximately 17l"neters) 
of t~ 1-m telescope dome. 

1 



Fig. 5·4. ew of ~he thermocouple 
installed at the cat" walk hefght 
(approximately 17 meters) of the 

1.m telescope dome. 



• 4 ' 

.1 , , 

Fig. 5.5. Vie\Al of hot -wire sensors 
installed oLntside of the dcrne. 
one at the cat-wedk heighi 
and the other atthenex1 lower 
1IIoor (approximo1ely 14 meters). 

161 
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In Fig. 5.2 is sho\vn a hot-wire anemometer sensor that is 

installed from the dome slit. Much of mechanical en5ino0ring 

effort has been :put in IThil0 in.stallinL,; the sensor at this 

location and a similar one atop the dome itself at a height 

of n.early 80 ft. Extreme care has been exercised while rotating 

the dome, openinc and closing the dome slit when at the same 

time handling the long tables trailing from different sensors. 

Where-vel" lone, cables have been. used, zero suppression 

has been. e1fected with the DISA hot-wire anemometGr eloctronics 

in. order to nullify the effects of those long cables. 

Fig. 5.3 shows an array of micromet.eorological sensors 

for recording wind spood and temperature fluctuations as 

obtained at tho cat walk heieht ( about 17 meters ) and in 

differGnt directions. The long rods holding the sensor probes 

arc rigidly Ch\I')~h.d to tho eDt walk railings usinG C-clD.mps. 

The depth through which these rods has boen pr.ojGctod from 

outside the cat walk railing can bo v~ried utilising the length 

of tho rods. All the signals coming from differ0nt trans-

ducers have· been continously monitored at tho timo of recording 

so that appropriate gain settings and other nocessary adjust-

J'1vt00rologic::ll- c-",nsors for turbulence lilG:lsurenents is ::::.s shown. 

in Fig.5.6. Monitoring -:::.nd recording of the v.'_lrious sign.''..ls 

~re as shown in Fig.5.? 
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In the example of the last chapter, it WEl,S clear thot 

intarrelations exist between the fluctuatinG phunomuna of 

seeiuG and,turbulence ( wind speed variations). It is also 

noticed that th8 spectral density curves have an over all pattern 

which show some.; sirnilnri ty in rllDpoct u f tho I.:.'xi St0D .. CU 0 f 

donsity peaks at seluctcd frequencies. 

In order to examine tho extent of such relationship) the 

mathematical method d0scr'lbcd above was followod Clnd It cohorence II 

and II phc~so anglo 11 at differont froquencies wore arrived at. 

To avoid rapid fluctuCltions of computed values of by 

integrals of 2 rc.dians which ariso in tho computational 

process, the absolute nagnitude ~ ut difforent froquencies 

have boen plotted in tho diagrams. Indeod, tho plots of cohe-

renee and phase angle in the particular caso shown in FiC. 4.23 

in the last chapter arc biven in Fig.5.8?5~9.In order to"be 

sur, that somo physic,~l mochanism i8 rosponsiblo for both 

phenomena, several oth0r simultanoous rocordincs havu b~Gn 

analysed. 
·(d'~,. t' . 
1hesG are shown in Figs. In <:t11 Ci"J.ses 

it is noticed that promin0nt density puaks which app~nr at 

preferrod freq.uoncies havo high coht)rOnc0s. Tho phaso diffe-

ren~e botween the resp~ctivu FouriLr compononts hnV0 steady 

values ncar theso cohorvnce peaks ~ si'snifyinc; physi cal rvl':"Lti011s 

betweon th~ two parametors. 
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Fig. 5.8. 
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Coherence function vs. Frequency 

Coherence between Seeing and Turbulence 
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Coherence analysis of Kavalur 
seeing and turbulence. 

0 
Exercise No. 09 Scale: X-Axis 1·5cms = 5 N units 

Y-Axis 1·5cms =0'20 

0 
0 . .... 

x 
o x 

<::.l co 
U 0 x x 
C 
<::.l 
l- X 
<::.l 0 
.c ~ x x 
0 0 u x x x 

x 
x x 0 x x .., x x x x x x x 

0 
x x .x x x x x x 

x x x x x x x x 
0 x x x x 
~ x 

x x x 
0 x x x x 
0 
0 

0 0 

Frequenc y ( Hz) 

E xerc ise No. 09 Scale: X-Axis 1· 5cms = 5 units 0 
9 Y-Axi s 1 . 5 ems = 80·0 0 .., 
N 

<::.l 
U 
C 0 

~ 
c: x 
0 x x x x x x x x X 
ID X X X '+- ... X X X 

X X X X X 't- X X X X X X X 
0 X X 

X X 
X X x 

8 
x x 

::Jl 
x x x 

6 
x x x 

a co' ~, 

.c x 
x x 0- x x 0 x 0 

0 

0 25 50 75 100 125 150 175 200 225 250 

Frequency ( Hz) 

Fig. 5.11. 



170 

There arc some densi ty maxima j.l1 S curVGS without corres

ponding features in tho T curves:; it may be l'l.oticed that the 

coherence p~ots in these cas~s indicate poor intcrr0lation. As 

the seeing phenomenon is the integrated effect of several layers 

of our atmosphere, thoy may not alwa~s have correspondence at 

all layers. Such features may not be totully unoxpected. 

Tho COllJ:l0ction betWGell the wind speed fluctuations at 

different levels to tho corresponding souing fluctuations can 

qo briefly summarised as follows •. 

Different sp~~ measurements have neon utilisod by employing 

different types of instruments. Fig. 5:"12 shows the record 

obtained by a cup anomomGtor as compared with that obtain.ed by 

a hot-wire anemomet~r. The cup anemometer was placod at thG 

top of the dome which m0asured the wind speed variations in tho 

layers through "i\':ich tho stollar beam would have to pass. The 

hot wire anemometer at the observe~s lev0l rucords the varia-

mons immediately below this layer. AlthouC;h the two records dohot 

h';Ji''J,(<i(, much similarity because of enormous differ(:Jllces in their 

frequency response cha~Qctoristics thoir spectral donsity 

curves bring out the correspondence very clearly. This can be 

seen in Fig. "5.13. Tho two spectral curves are remarkably simi

lar in nature although the higher instrument has rocorded certain 

peaks which are ;;.;liff0ront from those of tho lower iustrum0nt. 

The peaks are slightly shiftod in the higher curvo. 
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Comparison with cOJ.~rosponding seoing fluctuation.s with 

nighor curve has better correspondence than with the low0r 

curve. This indic.atGs that upper layers have more il11:;?or'te.nt 

role to play in soeing fluctuation.s. Coherence analysis 

also confirms this aspect. FiC.5.Ur shows coh8rence between 

the two wind speed data series as obtained from the higher 

and lowor instruments. 

A comparative stu~y can be made of the characteristic 

spoctral foutur0s of s~oinG and tcmpqraturo fluctuations 

with the h0lp of FiC.5.15. The data as obtained from 

thormistor installod at catwalk hOiGht is shown hurl). There 

is a remork;..;blo C01Tospondonco betw\::ul1 tho two processes. 

As mentionod carl~or, a dotailed cohorence analy~is botwuon 

tho two processos is mado usinc tomp3raturo dota as col10ctod 

from more sonsitive Cr-Al thormocoup10, sp0cially to study 

tho foaturos within the..: low-fruqu0ncy reGion. The, dutails 

of thu rocords nru shown in FiL; •• 5.16 to ).19- Fic;s.5.l7 

and 5.18 show th0 spcctr~l chnractristic of svoil1G C:lnd 

tomporature fluctuations. It is cluarly notic0d that thoro 

exist distinct pOCtks wi thin froqucrlcy bands cun trin.g Clround 

frequencies 7.5 Hz, 10.0 Hz, 22.5 Hz, 30.0 Hz. Fig.5.19 

hrinGs out thG cohor0nco b0twuon tho two timll :30ri(Jo much 

more clearly. Thore oxist a Good mUQsuro of cohoroncu at 
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VS. Frequency 
Coherence between W and W of Turbulence 
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Powe r spect rum and Coherence analysis of Kavalur See i ng. 
0 
CD ... 

Exercise No. NST 1 Scale: X -Axis 1·5cms· = 5 units 
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Power spectrum and Coherence analysis of Kavalur turbul ence. 

Exercise No. NST 1 Scale: X..;Axis 1·5cms =5 
units 

Y~Axis 1·5cms =0,40 

60 160 240 320 400 480 560 640 720 800 

Time lag (ms) 

Exercise No. NST 1 Scale: X-Axis 1'5cms =5 units 

Y-Axis 1· 5cms =0·20 

3 ·1 6·2 12·5 15·6 18·7 21·8 25·0 28 ·1 31· 2 

Frequency (Hz) 

Fig. 5 .1B. 
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Power spectrum and Coherence analysis of Kavalur seeing 
and turbu lenc e. 

EX(lrc is(l No. NST 1 Scal(l : X -Axis 1·5cms = 5 

Y -Ax i 5 1· 5 ems = O· 20 
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units 

x 

x 

31- 2 

units 

x 

)( x x x 

' 3·1 6·2 9'3 12·5 15-6 18-1 21·8 25·0 28·1 31 ·2 

Frequ(lncy (Hz) 

Fig .5·19. 
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thoso fruquEJncil-s and the values of phase angle are studd. 

in these frequency bands. This indicates that thore exist 

physical relations betwuen the t',fO processes to an appreciable 

extent. Yot another sot of records has been presentedifor 

highlishtins a similar result. These are shown in Figs.5.20,5.2l 

5.22 and 5 .. 23- In this cc>,se the power specb.ral density 

curves of the mvo processes are shown in the Figs.5.18 and 

5.19. Cr.l.;lrncterist:L c l'ec:Jw .. u,.l"'~ exhi bi ted <At specific freqU61','" 

cies such as 12.5 Hz, 15 Hz and 25 Hz. 

The coherence value at these frequencies are qui high 

as shown. il11. Fig.5.23,. The pho.se angles at these frequencies 

are once ag~Lin founc1 to be ~uj.· st"'lady thus establishing 

the exist . .,nce of physic&l relationship between the two 

fluctuating phenomena. 

2...:..L....lJl._t er~0-_Q;1_~~ "amongst~ii f r er ep ~_ ... :~.Y£ bul ep t .. 11l;xer.~ 

With data of turbulence collected as shown in the 

f1gur~ trom·different heights, similar power spectr~;.l ~md 

cohe)!ence analyses amOnt;Et them htwo been cnrried out to 

fincl the eyiDt8r. C ') "'.~ t; !, __ :r'31'.1 t:L':';1H31Jj.~)(', wi th:i.n th(, l.~:.ycrs 

of the stratified stluture of tho low-lying atmosphere. 

The results are gj_ven in FiGs .. 5.24 to 5 • .34- It is seen 

that close relati0ns uxist betwoen fluctuation~at two 

lev.els near the es-round, wllich sugGests that n.ot much error 
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Power spectrum and Coherence analysis of Kavalur seei ng 

Exerci se No. NST 2 

80 150 '240 320 

Exercise No. NST 2 

3,' 6·2 9·3 12- 5 

Scale: X-Axis 1·5cms =5 units 

V-Axis 1·5cms =0·20 

l, 00 480 550 640 720 800 

Time lag (ms) 

Scale: X-Axis 1·5cms = 5 units 

Y-Axis ',5 cms :;0·20 

15· 6 18·7 21·8 

Freq uen c y (Hz) 

Fig. 5 21. 

25·0 2tH 



0 
N ... 

D-
E 

0 

~ '? ... 
{5 

..... 0 

0 00 

~ 
0 

I.... 
I.... 
0 
g 0 

-.t ..... 
:::J 0 

« 
"0 8 «::.l 
N 

0 

0 
E 0 

I.... ~ 

0 0 z 
0 
GO 

0 

0 

0 
N 

M 

0 
0 

M 

D-
E 0 

00 
(::,) 

...... N 

I ........ 
l.L. 0 
'-'" ID 

a.. N 

01 
0 

...J 0 
~ 

N 

0 
~ 
N 

0 
0 

N 
0 

1~3 

Power spectrum and Cor,erence analysis of Kavalur turbulence. 

E xere i stZ No. NST 2 

80 160 240 '320 

Scale: X -Axis 1· 5cms = 5 
units 

Y-Axis '·5cms =0·40 

t. 00 4%0 560 (;40 720 800 

Time lag 

Exe rc i StZ No. NST 2 Scale: X -Ax is ',5 ems = 5 . 
units 
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Frequency (Hz) 

Fig. 5.22. 
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Power spectrum and Coherence analysis of Kavalur seeing 
and tur bulence. 

Exerc i se No. NST 2 Scale: X- Axis 1·5ems ::: 5 . 
units 

V-Axis 1·5cms =0·20 
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x x x x x x x x 
x x x x x 
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x x x x x 

x x x x )( 
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3·1 6·2 9·3 12·5 15· 6 18·7 21· 8 25·0 28'1 31·2 

Frequency (Hz) 

Exercise No. NST 2 Scale: X -Axis 1·5 ems = 5 units 
Y-Axis ',5 ems = SO· 0 

x x' x x x x 'X x x x x x 
x x x )( x x 
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x x x x 

x )( 

x x x 
x )( x x 

x x 
x x x 

x x x x 
x x 

x 
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Freq uency CHz) 

Fi·g. 5.23. 
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186 
Normalized autocorrelation vs. Time lag 

At mospheric Turbu lence 

, 

Exercise No. NNN 8 Scale: X -Axis 1·5cms = 5 units 

Y -Ax j s 1· 5 cms = 0·20 

West 

20 30 40 50 60 70 80 90 

Time lag (ms) 

Log of power spectral density vs. Frequency 
Atmospheric Turbul ence 

100 

Exercise No. NNN 8 Scale: X -Axis "5cms = 5 units 

Y-Axis "5cms =0·50 

25 50 ~75 100 125 150 175 2 00 225 '250 

Fnzquency (Hz) 

Fig.5 25 
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Normalized autocorrelation vs. Time lag 
Atmospheric turbulence 

187 

Exercise No. NNN 8 Scale: X -Axis 1·5 cms =5 units 

V-Axis '·5cms=0·20 

North 

20 30 40 50 60 70 80 

Time lag (ms) 

Log of power spectral density vs. Frequency 
Atmospheric turbul<2nce 

90 100 

Exercise No. NNN 8 Scale: X -Axis 1·5cms = 5 units 

so 75 

V-Axis 1·5cms =0·40 

100 125 150 

Frequency (Hz) 

Fig. 5.26. 
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Coherence function vs. Frequency 

Co h erence between Wand W of turbulence 

0 Exercise No. NNN 8 Scale X'- A xis 1· 5 c m s = 5 units N ... 
Y-Axis 1·5cms =0,20 
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Fig.5·27. 
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Normalized autocorrelatio~ ~s. Time lag 

Atmospheric turbulence 

E xerc ise No. NNN 17 Scale: X- Ax'ls 1·5 ems = 5 units 

10 20 30 

Y - Ax is 1, 5 em s = 0 ·20 . 

40 50 60 70 

Time lag(ms) 

I 
80 
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90 

Log oi power spectral density vs. Frequency 
Atmospheric turbul<emce 

I 
100 

Exercise No. NNN 17 Scale: X-Axi~, 1·5cms =5 units 
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Normalized 'autocorrelation VS. Time IClg 190 

Atmospheric turbulence 

Exercise No.NNN17 Scale: X-Axis '·5cms::5 units 

20 30 40 50 60 
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Y-Axis 1·5cms =0·20 

70 
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100 

Log of power spectral density vs. Frequenc y 
A tmospheric turbulence 

Exercise No. NNN 17 

50 75 100 

Scale: X -Axis 1·5cms :: 5 units 
Y - A xis 1· 5 ems :: O· 40 

Catwalk height 

125 150 

Frequency (Hz) 

Fig. 5.29. 
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Coherence function vs. F'r~quency 

Cohenznce -between Wand W of iurbulenee 

Exercise No. NNN 17 Scale: X -Axis 1·5 ems =5 
units 

V-Axis 1·5ems =0.20 
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is introduced when spot samples of atmospheric data are con

oldcrod as representative patterns of the adjacent layers. 

From this, it is possible to say that the interrelationship 

might extena. to greater heights in different degreos which 
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may cause corresponding distortions in tho incoming light woves 

to\7:.~rdl) the ground-based optical t ulescopc. 

As mentioned earlic,r, sE.:oing. and s\,iintillation. pheno

mena are due to moving refracti in...hoJ.10GO:l'1'.Ii tics in our 

atmosphere. De:pending on the atmosph.eric conditions the 

sizes and movemen.ts of these irregularities are <1.:' ,', " 

across the stellar beam. By physic.al cO'1l~\ections, they 

are expected to be correl8ted with each other. The :present 

studies, although not \3xtensive, have shown that quaYltita:~~ve 

relations do exist between them. 



SUM -ti_iL.B..l 

In thlG thesis the physics of the seeing phenomenon. 

bns h(:Jon discussed and its relationship with the atmosPheric 

t1.1rhulence hus been. shown. The work done in the 

unUt)rst.:::mding this problem h.ns been presented. The :instru_ 

ments employed in this investgation are descrihed in de .... ""~l 
\",u~...L. ., 

Furthor the muthematical methods adopted for analysin..g the 

cii.:t,':l, collected at Kavalur obser"l'atory are described. The 
, > 

of lmch illlalyr,,(;8 of puwer spectral de)3ities and 
I 

coherence have been highlighted. 

The present work hos been an earnest attempt to study 

th() problem of astronomical seeing at Kavalur on a qua..n t:i-

tntjve bnals utilising all the data available in the 

ublJr:r-vntory pertaining to this problem. In a way, it car;. 

b(J (l vury efi'ecti ve technique for remote sensing of cl. e~:r 

:til' turbulLmce in bhe troposphere and studying the layer 

litrur: ti:ro of the atmosphere ~ that mibht eventually a::L d in 

1'1'0, 'Itrly choosinL, the type of nstron,omical observati on.a..l 

A wi.c1e rnnge of instruments may be employed tOvvards 

the acquisitiun of' the oaine kind of data as? for example, 

photoGraphic, interferometric Dnd simulation methods -
The d.:t.::: 

di-'6 m;,.jl;ctOc] to cllcl~ an analysis!! for the ul1ders tan "-

01' the physic~l,l prOCe13S8S responsj,ble for optical in'L-a.b€ 



distortions observed in the trlescopes used ~n t 0 .. ..... as r nOm:::L cal 

studies> 

This investigation has GIn added importance i.el tha.t the 

S[;l.hH~ hetS bean c:i1.rried out a~ a low-latitude station thu.s 

fulfilling, to a measure, a major lacuna in this field 01' 

work .. 

The methods employed il1 this work may be useful :i..n.. 
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future intensive investigation.s on star intensity fluctu.ations. 

Through such powerful methods, optical properties of the 

atmosphere may be obtained, which in turn., can be m[lde use 

of, for practical astronomical work, as well as studi es of 

the micro structure of the atm.osphere. 

Al th.ough the ultimiJ.te choice of location. of a tel. es cope 

depend~; upon. the u~e to which it is put, due considera.tion 

rind nttcntlun are always paid to the seeing quality a f the 

locution an.d how this effects the image structure =i1A, the 

focnl plnna of the telescop~. With the advent of hi gh. 

rcsolution detector matrices, chese studies h:,:vc ei~.h".:'"l c 3d 

times and their use for advF.tn c ed 

.::tstronomical image proceDsin[5 work. Hitherto uucltta.:Ln.a.ble 

fineness of measurements ha.ve been achieved by COJl1PU t er 

processil1.g of speckle imabes4~;i' ~ -'1'hese techniqu es 0 f :f er to 

an astronomer very powerful tool~ in their research es -
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By simulation studies in the laboratory J improvernen.. t s 

over instrumentation and theoretical models may be undertaken. 

In fae t, with the advent of lasers,50 ; a wide range 0 f Use

ful experiments IUt.ty be performed. The ~resent st udies lD..a.y 

help in fulfillins a very ne'~essary obj ecti ve of under st a.nding 

the chief causes for optical image distor'hons and applYin.g 

appropriate corrective measures for overcoming the same .... 

T11iL,1 work at tempts to provide useful experimental. 

techn.iques an.d procedures for do.ta analysis towards under_ 

standing of the physical processes in such phen.omena .. 
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Prog ram for reirlevul of data. 
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\ild'I'f:; ( l, :,'1\11.1) 'I 
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56656 

67654 
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9090 

5555 
7856 
202 

c 
c 
C 
C 
C393 

APPENDIX A"'3 

Program for eva lua1ing power spectral densities 
and cohe renc~ va lues. 
OIPEN~ION ARGG(S1) 

DH1F:fj~;HJl.~ If~( 1024), IA (21),\8) 
DINKN5InN S(ln24),S~(1~Oo),ACS(51),PSSC(51),PSSH(51),PSSF(51), 
lALPSSf(51),ACsr;(51),WC1024),WW(1000),ACW(51),AC~hC51),PSWC(51), 
1PSWH(51),~S~F(51),ALPSWf(51),CCSWPC51),CS5WC(51),CSShH(51), 
1 C S S I,: f ( 51 ) , C ~S W N ( 5 1. ) , Q S S i'I C ( 51 ) , Q S s.m C 51 ) I Q SSw f' ( 5 1 ) , C n H N ( 51) , 
1COHD(51),CGH(51) 

DO 56656 JKJ=1,51 
AP.GG(I..JKJ)=O. tl 
Ki\f(~G:;;iJ 

o P F; N ( lJ NIT =:t , f I L F::.: , P ) lor E R • D /l. T' , Ace E oS S = , A P P f<: N D ' ) 
A C c::: P T 9 'J 90 , n: x !.; 
~RITE(1,87654)I2XE 
r Of.~ ~~ A l' ( I f, X ERe r ;.; i~ :\ I D • N I , A 5 ) 
PF:H'T 77, !EXti: 
FmH·',AT (1,X, 59X, 'r;;x;.~Rctt)E nO.lJ', A5/59X, 15 (''''' ) II) 
C r, 0 S 1:: CIHlI 'f = 1 ) 
ACCFl.JT *,ilSKIP 
FDR~\A~(1I5) 

IF'crlSt.:!p.r~GI ... »r;rITfJ 7856 
no 5!;:55 Kl:;:l,rlSi<IP 
fiil:AP (25, 2C'2) S 
cot;'}'X:':U[£ 
CrJil1'l:;Ur: 
n1Fn~ A T ( 1 2 r 6 • 0 ) 
B~AD(25t2G2)S 
PRHiT ?12,(S(J...IIJ),11!J=ldO) 
CALf, 'T'kF.ND(S) 

HE A D ( 2 5 , ~!) 2 ) l,~ 

K E: II \) ( 2 5 , 2 t) 2 ) vi 
R r.: II n ( '2 5 , 2 I; 2 ) vi 
F.f':AD(25,202)w 
DO 393 IIA=1,H)2-I, 
\~ (Lt.) :;: ... W (lJA) 
P f< Hi '1' 2 (12 ,e w ( II L) , rd.::: 1 , 1 () ) 
CALf.' TREND (W) 

2 CDt, TPH.lE 
PRt 0 T 15,(5(1),1:::l,2U) 
p r( I ~~''1' 7 "r 

74 FOB~.IAT(!JI) 

"j 1.::: 1f) (j 1 
ti r;i, 1-1 
t-IN=2d 
Nl,Ir;:::100/i'iN 
)I\:::f.i I tit'i 
h 1=)1+ 1 
Of;LT=3 2 .. <I 
10.:::1 
PI=3 .. 1415 
DO 5 I=l,N 
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o P l:. ~l ( lJ il I 'r = 1 , F I L F:::; , P IJ err F; E • D A '£ I , Ace l~ S::;;: I A P P ~~~l!':) I ) 

h P 11' f: ( t , 1 S ) ( ACId ( I ) , !:: 1 I I''': 1 ) 
CI,(I::it; (lJl': 1"r=, ) 

P P.ll·i 'r 1 ~ , (A C '" C I ') I I::: 1. , 1-1. 1 ) 
prn ','~~ 7 <\ 
P I~ pi 1~ 15, ( A,C \II N ( I ) ,I::: 1 , pI 1 ) 
PRI r'T 7 ·4, 
PSwc (1) :::p.~aIC (1) 'I'ACItI (1) ... iic'\'! (/11) 
Dn 23 1:::2,~11 
Pfl~C(I);:;:J.() 

Dn 24 d:::2, 1',1 

24: P S", C Cc ) ::: r ,,) wee I ) l' :: • '.J * i\ c: '-1', (.I ) '+ en.:; ( (~i ... .1 ) :« C 1;""1 ) * P 1/ M ) 
:2 3 p:-; ~~ (' Cl ) ::;; Pi" It, C ( I ) .... " C \'/ ( 1 ) +" r. i'l ( >: 1 ) if C (I S ( C 1-1 )If. PI) 

P R I 1< T 1. f) , (P R \'i C ( I ) , I:: t , t,q ) 
PRr:'I' 7·'); 
P f-) h Ii ( 1 ) :;: ( P S It! C ( 1. ) + P S "I C ( '2 ) ) I 2 • (:t 
P S \I; H ( f' 1. ) ;;:; ( P S \.,. C ( J'l ) + f' ,;"n~ C ( jl I 1 ) ) I 2 • Ii 
DO 25 IF{;;:;2,M 

25 PSWH(IR)=P$WC(IF!-1)/4.ut~SWC(IR)/2.n+PSWC(IR+l)/4.0 
PfII!lT 15i,(PSIIHO),1::;1,rn .. ) 

AVPSvif!=r;,. I~ 
DO 9(13 II:::1,Ml 

903 AVPS~H::;AVPSWH+PSWH(tI) 
A VPSWH=AVPSI',I rl/l'li 
Pl'{Ir!'f 904,AVPS'Iifj 

9 0 ,1 F [) K !:, A 'l' CI I , 2 0 X, I A 1 ~ ~~ v t: H .0, G t!: (l f' P S itl H:;: I t f' 13 • f.i ) 
PRH:T 74 
P R Itl '1' 74 
F' .) v¥ F ( 1) ::; P S W IH 1 ) * I'i / ( ( I! ... I-I ) * Cl .. 36 ... :t • 4: * co.s ( 2 • * P't I ( 6 * 1"1 ) ) ) ) 
P S I'd:' C ) H ) ;:; P S 1/! H 01 1 ) I ( ~ • 3 6 - 1 • ::. * C (J S C ( 1 ... ( 1 • I ( 6 * M ) ) ) "2 * PI) ) 
f)f) t! 6 In::; 2 , ~' 

26 PSWF(IR)~PSWH(18)/(1.36-1.~tCOS((2.*(XR-l)*PI)/(2*M))) 
PRH1'I' 27, tJ, HNN, t!t':LJ'l' 

205 

27 H)Hr~J\T(1H2,59X, I pm'Jt~I'~ SPf::C')'EIH~'/II" ~H:l Of Pr)INTS' ,lSI, 'PP'C~ITGF~I, 
1 !5/,' fl!::L"r" ,FS.2) 

p n I i'!T' :2 R , CPS W r' ( r) , I::; 1 , t~ h) 
28 f C F.n~ A '1' C1 if , 11')[: 1. 3 .. 5 ) 

P!~IWI' 29 
29 f n R 1', A l' ( 59 X " r, [) G P ( r) v A j,d)!;: S I 159 X, J. :; ( , - , ) / I) 

nn 3{; n:=.1,~; t 
H' CPSiip'(IR) .r.'f'. n.fl) A(JPShWCtI-.:):;:lu,nGl0(F'SItIF(IR) 

3<,. ;COllTHiUE 
P PIt: rJ.' 2 B , (A L'P tl W F' ( 1 k) , Il~'::: 1 , td ) 

(') r r: II ( U U IT:;: 1 , fo~ 1 L,t:;:;: , P JJ n'J.' E j,! • f) A 'r ' , ~ C C F:S,<j::; , 1\ P P E: 1m I ) 

~RITE(1,2R)(ALPSWr(rp),lk=1,Ml) 
CLOSECllNIT::;l) 

PHH:'l' 74 
J~VSC;O.i> 

DO 31 !=l,N 
31 AVSC=SW(I)tAVRC 



1\ VSC=kV SC/N 
'A V \-! C=O. I.' 

00 32 1=1,1; 
32 AVWC=WW(I)+AV~C 

AV.~C=~V\'!C/N 

A V S 1>: = II V .s C ~ A V t'i C 
PRHT 15,. AVS''r\ 
PRrr't' 7-1 
CCSWp(l)::o.n 
DC) 33 I::l,N 

33 CC~~P(j)=CCSWP(t)+SW(J)·WW(I)+S~(l).WW(J) 
(' CSt" P ( 1 ) :: C c r. t" p ( 1 ) I ;' I ... A \{ ~i I, 

<:SS wiC ( 1 ) ::(I.!J 

on 34 1=2,1-11 
C C S \,; P ( I ) :: iJ • C, 

11=1;1."1 
)<:::1"1 
nCl 35 1..1=1,(1 

35 CCSWP(I)::CCSWP(I)+S~(J).WW(J-K)+SW(J-K)*WW(J) 
CCSWP(I)=CCS~P(I)/ll~AVSW 

34 Ie S S (; C ( 1 );;; c s s'~ C ( 1 ) + C C S i'i F' ( J ) * ~ 
Pln!iT 15, (CC.sWP(II),lr=l,Hl) 
pr It l' 7:1 
C SS HC ( 1) ::CSR Vi C ( 1 ) t c: C S"N r' ( U .. cc::~ w p ().j'J ) 
no 36 1=2,).11 
C S S '"r C ( I ) :: (; • (l 
l)(l 37 d;:::2,~'" 

37 CSS~C(I)::CSS~C(1)+2.0*CCSNP(J)*CO~«(J~1)*(I~1)*PI/M) 
3 6 .c S 5 hi C (l ) ;::: c:: S s V1 c c r ) + C C S i'! P ( 1) of C C S \~ P ( ; H ) lI: C lJ R C ( I .. 1 ) * PI) 

P F{ r;: T l ~i, ( C S 5 II C ( 11) , I I:: l. It'll) 
PPIW.r 74 
C ,t; oS I~ I-l ( 1) ;; C C $ S ;..i C ( 1 ) + C ::; S \o! C ( :;;: ) ) I 2 • c' 
c s S ~'I H ( H 1 ) :: ( C .s s '.~ C ( n ) + C S ~:; ~. C ( 1,\ 1 ) ) / ? " I) 
(In 38 I!~=2,H 

3 B C S S \1,' H ( I H ) =C f; S vi C ( l I~ - .\..) /4 • (I + C ,~s l~ C ( I R ) 12 • 0 + C S S I'! C C I R + 1 ) /4 • 0 
pp.Ir,)rr. 15, (CSS'dH(IH) ,IH;:rl ,;,11) . 
P r-: I :'f'T 7 .. ;. 

C C S S vi F' (1 ) ;::: C S S 'iN rJ ( 1 ) :+ I'i I ( ( ii ... r·~ p: ( l • 36 ... 1 • 2 * COS ( 2 " '* P 1 / ( 6:to 1,1) ) ) ) 
c c S S "I F' (tIL) ;;:; C S ;.::; ~il'H i·1 " ) I ( 1 • :3 i;. '" .t ., :H en f J( ( 1 ... ( 1 • / ( 6 * M ) ) ) * Z * P ! ) ) 
C DO 39 I~=2,M 
C 39 cs~wf·(iR)=CSSWH(lH)/(1.3h-t.2*CDS«(2.*crR-l)*PI)/C2*M »)) 
C f' H .I I! '(' !e ,j , ( C ;5 6 \<: f'" ( I ) , J = 1 , :'1 1 ) 
C 4 I) FOr: I-l tl ~n 1 H ", HI E: 1 3 • S ) 

PPI!I'f 71 
C C S ~,! II C1 ) :: 0. 0 
DO 43 I=,l,!>l 

43 CCSWN(1)=CCSWN(1)+SW(I)~WWCI)-SW(I)*WW(I) 
CCS"iN (1.) ;;:;CCSViN (1) IN-A VS'" 

C C S \.J ti ( 1) ;;:; () • r.J 
Q S S 'I! C ( 1 ) ;;; 0 • () 
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r; fl .\4 r;;:: :2 , tH 
Cr.S\·;r.CD;::0.(j 
11;:;; ~i1" I 
~,=1 -1 
rl\l '15 ~l::I, rl 

4 5 C C S \, ~, (I ) ;;:: C (' S 1'1 t. CO + s~; ( \!) II viV'l ( Ii .. K) ... S I, ( ~) .. K ) ;HJi'! ( d ) 
C C S ~; r; ( I ) ;:: C C f; W Ii ( 1 ) 1 J 1 .. A V. f) ~I ' 

,t 04 (~SS', C ( 1 ) :::o,sS ,Ie ( n 1·crs 'Ii jIi'.<I ) * 2 
PIII':rr 1~, (cc:~n'jf,(!),r;;;;l,j\l) 
!-' P r I!'I' 7 'j 
fl S S \', C ( 1 ) ;:: n R S i,i C ( 1 ) + C C [:; \of N ( 1 ) .. c: c s W t; ( h 1 ) 

(. S ;;; \'i r. ( 1 ) ::: ': • Ii 
pn ~6 1:::~/l\1 
(J ~ ~ \', C (! ) ;:: 0 • \i 
HI .1. 7 d ::::2 , 1:1 

~l 7 II ~ S y; r ( I ) ::: 0 S So I~ C ( l ) + 2 • () 'It r. C s ~\1 H (,.1 ) *.s :r I'i ( (1.1 .... 1 ) * ex .. 1 ) * P I ./ ~q 
1!6 \.~S/d:-:(l):::l):=:'Si'lC (l) +c:cs~!t~ (1) ,+,CCSI';J'i 0.'1) *SHI (0,,1) * PI) 

PPH1' 15, (0SSI',COJ) ,n;;;l,l-li) 
!- po I I'IT 7"; 

IJ e: S :, I r ( 1 ) ;:: ( (I S S 1'1 C ( 1 ) + () ssw c C 2 ) ) 12 • (l 
n SS ··1 H ( ~, 1 ) ;: ( Mi S i~ C ( N ) + (J {) S \~ (: C M 1 ) ) I? • 0 
fHl ,q~ !f<=2 I ~l 

-\ b l; ;:; S : If i (I I () ::: (;I ~i S 1,1 C (l R"1 ) 14 • () + () "',s h C (l. 11 ) 1 2 • V ,t(J SSW C ( :r R + 1 ) I it • v 
P F' I "1' 1 5, ( uS S h H CI R) , H!;;:t , ~1l ) 
I'HlfI:t' 74 

(Hit'; ". r ( 1 ) ;; (~ti ~; '\'/ h C1 ) :;<: 141 ( ( I~ ... t ... , ) if ( 1 • .3 6 ... 1 • 2 *' COS ( 2 • * PI" (6 * J'oI ) ) ) ) 

\, S f, '\oH.' (111 );; () oS r. Iv iH H 1) I (1 • :3 t. ... 1 • 2:; ens ( ( 1. ... 0 .1 ( 6 )\II") ) ) * 2 * PI) ) 
(I n -k </ I h ;; 2 , !\ ' 

I 1\" (: ,:.i S \/ f (! "J ::: r; S ~~ Ii iI ( n: ) I C1. .. 3 6 .. 1 • ~ * C (' IS ( ( 2 • * CI n ... 1) * PI) ./ 0: ~ 11) )) 

P F 1: I : 'l' ~,,; C \~ S Silo f' Cl I ) , 1.1;; 1 , H 1 ) 
f, l', f' Cl t< j { ::r ( t H I 1 <} [,~ 1 ;l • ~ ) 

P fJ I '1'1' ., '1 
1)(") 51 1=1,1<11 
COb;', (I ) =$ OF:,:!, (CI':iS h'H (J') *C~) S ",' H ( :r ) +n~swr' C n*CJSSh'n ( I ) ) 
~'= p s S}! (T ) ... P oS fit'l ( 1) 

IF en ~2,53,54 
52 CrJHncr):::";:;(':t~1'("'t) 

GO 1'0 51 
~3 COl1D(1)=l.t:i 

(;[1 rr(j 5 t 
").1 Cf1It!! (I ) ;;~;()H:r en 
51 C (i h (I ) ::; c; f; H H C I) 1 C (I h [, (I ) 

P PI h '1' S 5, C"CO flU ( !:r: ) , JJ :: 1 , I'd. ) 
1. .. 1(n :j ~c 7,t 
t' F~ I 'J T. :; 5 , (C [) H (1) , J;; J, , ~~ 1 ) t 

CJ f"!::1 (lltiI'l':; 1, F I liP.;; , P f,O'fF;F:. Dl\'1' , , ACC1';SS::: I APPEIJ D ) 
ii n r 't~; (1 , S 5) (C 0 Ii ( 1.) , I;; 1 , 1", U 

t. Lor; t,; ( Ll r 1! ~r::: 1 ) 
f.5 F mc~ A '1' (1 H ,1 n r·: 13 • ~ ) 

H!It,,!, 7,* 
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57 

: ~l 
J::;9 

(hi 

63 

64 

n :i 

/,"11 

f, () 

b7 

/" :1 

02 
Ii 9 

7 \1 

71 
7'::. 

73 
':' () 

M~G=(, .'J 
APC,';::-Aii:G 
r r' U; S ,::; v: H Cl ) ) 
I P ( u.s s ~; H C I) ) 
A c.; G::: APe + 1 no. \:, 
(;[1 'Ttl 7:! 
;\ P G ::: 1 n ;) .. i'l 

f;i.~ 1'(") 72 
J\ p I~ ::: II H~ .. 1 8 t, • '.I 
(,~il '~'n 7:'>: 

C!J , f" 1 , 6 2 
6 3 i, b ,~, I 6 :5 

H' ((~~~;~\iHCI)) 66,A7,6H 
l\!":G:::~I;'. :; 
f;'l J~ri 72 

G() 1(; 72 
i\ P C; = - 9 (I .. I) 
(;n '1'0 7? 
IP CUS8WHCJ)) 69/70,71 
M:G=M~G 
(;1'1 TO 72 
M~C;:::i..l. ~\ 

(~(I Ttl 7 '2 
j\I'G=,"l,f.G 

i\ ;. H Ii (; ::: 1\ il l< r; G + 1 
MU; (~ ( r: A P G G ) ;;; i\ !~ G 

f' n Ii \f A T (r 7 • ? ) 
end 'l'1 ~'IJ!:: 

P R I! J' 9 f~ 9, (1\ R (~C; ( [<',~, ) , \I: K = 1 , I<j 1) , 
OPJ:I (11i"I~(';;;1,FltJl::;;;;I~lrJoT1CH.O)\~" ,ACCI!;SS:=' APPEfW') 
¥.Rl:1'80 ,9H9) (J\FlGG(KK) ,K!<,:;:;l,,?':1) 

9119 fL':I{I·:{:I'T'(1H ,1(:1<'7.2) 
cr,Of:.I':ClJlilT=3,) ';p 

I.;!: D 
SllUf,ou'r:tl~r; THF:iHl (tI) 
CIHif~t;~\l(][; II (1) 
U ::; lHI = l\ • ,', 

n n 11': J::: 1 , 1 (':' 1 
11 ;) U :'" m' ::: I J ~nJ M + ( II C T.) 13. ~~ ~H • fj ) 

W =0. i) 

nn 22(1 X=t,333 
22\) w=~~+U(I) 

V:::0.\) 
DO 330 1=6b8,luOl 

33" V=VtUCI) 
ALP if IdJ::: ( 5 (I J • (II ( 333.0 * \~ 6 B • (I) ) '* ( V" Vi ) 
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,t·1'1 (lCI)=\1(t)-!).stll~ ... (A1JPHAU*((fLJ(J{I,1'(I)/5f)O .. O) -1 .'J» 
F: ~~tl'llPP; EHfJ 
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APPENDIX A-4 
Program for ploUing' power spectrol densities 
and coherence values. 

r, r I , f.,-;.s 1 (I f, Y ( 53) , E: Xi U ( :\ ) 
Cid.II pr,(I'1'~(("I~,"') 

c I.LL F IIC-:'h:,}: ( .6) 
L' ( I 111 1 t '( 1. = 1 , S 
"'~:An(=!=!, HIJ,LI.IJ=555)F:xri(J 

1 (' v F () H h A r ( (t A f, ) 
~rA~(22,2j~,~UD=555)(Y(I),I=1151) 
C 1\ L I. " r: t l ( Y , , 1m R ~ll\ I , r ZEn A " T ('1 C () H R E II A l' lot,: .. S T A H ' ,31 , 'T r t"'l f::!: LAG t , ~ , 

'1 r:x 1.(1 ,t; , (I , 1 ) 
n f "I n ( ?:I. , :2 ;;;1 , 1': [I n = 5 5 5) (Y ( !) , l ::; 1 , 5 1 ) 

2 G 'J f n W'"!, T ( 1 II ,!lH: 13 • 5 ) 
3 H1i\,.I\'I'(1H ,1 ::'f7 .7? 

r.J\LIJ VI'::j(Y, 'rln(~p(n"S'T"\IJ', t 2 , 'FR!r:O\lI\NCY,' ,9,t.:XNQ,O, 1 ,0) 
fd' An ( ? ~ , 2 :' (. , I'; ~I!'l= 55!J) CY (J) ,1 = j , !5 1 ) 
r. i'.1, L V j'. r j ( Y , ' /1 (J P. M MJ I U: n f. (I 'r n C rJ K H P; lJA n: CHI 1M W VI 0 ' I J 1 , , T :r lV. E iA A G I , ? , 
1 r X Ill'! , " , \,1 , 1 ) 
t·!" Id t( 2:~ , 2 1', (, , 011'1 = 555) (Y (J ) , r == 1. , 51 ) 
(,/\I,rl Vr.1 (V, 'tJ nc.P(F')·''1IINp' ,12, 'Ff-WOIJr::rlCY' ,9,~:XHiJ,~i, 1 , C) 
fo, r:.I\ f\ ( :;' ~ , 2n C" r:::H 0=555) (Y (1) , I :0 1 , 5 'l) 
eMIt. V~;'I(Y, 'cnm'~Rf;I'ICh;1 ,9, 'F'I~I~GtUl~r{r.Y' ,9,!:'<;XtJO,1 ,1,1) 
w: til; ( ~:? , 3 (10 ,Ii 1'1l1:::5!'i 5) ( Y (J.) , I;: 1 , 51 ) 
C Ill, L V F " ( y , 'Prl M; IS l'i 1 f F f: R r: ~i c I'~' , tIS, , F H E (:I 11 f: N C Y , , 9 , r~ X "I 0 , 1. ,. 1 , (f ) 

1111 CUI.''::HltJC 
C A tl 1, \'j h ~: },: Ii: ( X X , Y Y , F' A C '1' ) 
CI\I.II PIJI',l'C:O"yy ,~99) 

5~,5 S,'lJP 
L' :: Ii 
511 L n (d I tr If t ~ V ~: rl ( Y , y~'~: x 'r , \'J Y , X T r:::<'1' , }~ x , f~ X N CI , N L H! r: , II:=; , K K ¥ ) 
t) I I '>; r f f, In:. Y C1 ) , y'r Ii; x T 0 ,~) , r:: x .. (') C 1) , x ( 5 3 ) , x N: x '1' (1. \) ) 

Iltl 1 "=1,~1 
d=f-l 
X ( l\ ) = 1'" t, I ) I. 'i' ( J ) 

1 Cflll'!'Inur' 
x (5 \) =0. c.. 
X(~i~)=5.0 
r. M'! I f, r. A II f: ( Y , 6. ') , r.".(i, 1) 
C ;, 1.IJ :1 U f\ >. 15 ( I) • , I). , x r i<: x '1' , ... l'} X / 1 n • , 0 • , o. , 5 .. , • 11 , • 12 , 1 ) 
(;c;:; ': •• , 
u I j 1 ~~~) \) J r; = 1 , 1~; () 
(;r:=r;(;+ .1 
c .q, 1. P r I (J 'f ( c; ri , () .. (, I 2 ) 
C" IJ (" :",1., n 't' ( G C; , .... ,~ 6 , 2 ) 
ll~fN;;Jr,-l (, f (I.J(U ,1:.'0) 
IF' (r;~I(.! .1:(.'. (:) CAIIL Pl;O'f (If;, -.1,2) 
Cf..I,r, PL("I'1' U;r" o. f), 7.) 

trJ r; {'I COl: 'T'l mJ~; 
li Y=!l!; Fi ( YC S:;:>)) _ 1. 2 , 1 ) 
C :', r. I I II 1; A X!::-: ( If • I (: " , Y T I!: X 'r , )oj '{ , t: • , 9 \1 • ,"¥ ( 51) , Y ( ~ 2 ) , • 11 fI 

IF ( r. S • I~ 0 • 1 ) X C 1 ) = " :'! , ' /' , ' 
If(iIll.Iljr.l-'('j.~' (;AI l ll Lli'IF:(1..,1,50,1,i},o) 
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If' ( II LIN ::: • I': (~ • 1 ) (: A tJ fJ riD TJ 1: 1. r~ 0; , Y , 5 I~ , 1. , 1M 1 , 4 , • ('15 ) 
!F(l-iKK.i:(J.O \~(l'T'iJ 45~'1r; 

C T\ LJ J, S Y \1 n ('J L (l'l .. 5 , 6 • 7 '5 , • 1 7 , • p (~ ~n'.: H S P i:: C '1' F U I,,! MiD COlt E H E 1,,1 C Ii~ 
1 At ! AT~ Y ;; r. S t IF' K '.Ii V tIlJ U H S i:J~ t l'l G , , i! • , ~ 5 ) 

4 ~ 4 5 C;'), IJ r. s 1 f\ 8 n L ( 1 • 5 , 6 • 5, • 1 2 , '1': ~ I'm, 't. • , 21~ ) 
eM,I) ~Y~'!r'(ll .. C5.(,,6.5, .. 12,'BCAf.)F':: X-AXXt; 1.5 r.~\S=S urn:TS',O.,29) 
CJ-ILTJ SY~ld(}LC5.8<1,n.3,.1~, 'Y"'l~XI,':; 1.~; Ci,IS=' ,1.:.,15) 
C.'\tdJ r;U:'IHE~n (999. , QQ9., .. 1 ~, s'l ,.;'J, 2) 
C J\I dJ S Y ~i Fi n L ( 9 q 9 .. , 99<;1 ., • 1. :2 , I 'tJ 'lI :r S' , C • , 6 ) 
C .~\ L T J P v' 'r Ul .. (; , ... ;~l • t, , .. ,3 ) 
HE'l'lHHl 
fl!f't 
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Power spectrum and coherence analysis of Kavalur turbulence 

Exercise No. 01 Scale X-Ax i s ,- 5 ems = 5 units 

Y-Axis 1·5cms =0·20 

160 320 480 640 800 960 1120 1280 1440 1600 

Tim(Z Lag (ms) 

E xercis(Z No. 01 Scal(Z X-Axis 1·5cms = 5 units 

Y-Axis 1·5cms = 0·40 

1· 5 3·1 4·6" 6'2 7-8 9·3 10'9 12·5 14'0 15· 6 

Fr(Zquency (Hz) 

App end i X - B-1 
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c 
.... 

c 
00 
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C 10 o . 
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Normalized autocorrelation vs. Time lag 

Atmospheric 1urbu lence 

Exerci~ No. NNN 4 Scale: X -Axis ,. S 
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C rn s =5 
Y-Axis ,.1::: un; 

-...)crns =0-20 

C~----~----'-----'-----.-----r-----r----.r-----~--____ ~ ____ _ 

<:) 

N 

c--

C 
..:r 
II) 

"'0 c 
C 10 
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1.0 

I -u.. ~ -Q.. ..., 

en 
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...J g 
..:r 
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M 

o 10 20 30 40 50 60 70 'So 

Time lag (rns) 

Log of power spectral density vs Frequency 
Atmos pheric turbulence 

90 101:, 

Exercise No. NNN 4 Scale: X-Axis 1·5crns=5 units 

Y - Ax is 1· 5 ems = 0- 80 

Frequency (Hz) 

A pp end i x ~ B-2 
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Exercise No. 04 Scale: X -Axi s 

y- Axis 
,. 5 ems =5 
1 5 units 

., ems =0-20 

1280 

Time lag (ms) 

Log of power spectral density vs. Fre que ncy 
Atmospheric turbu lence 

141.0 HiOC 

Exercise No. 04 Scale: X-Axis 1#5cms=5 units 
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Atmo~heric turbulence 

Exel""ci~ No. NNN 1 Scale: X-Axis 1·5cms = 5 . 
units 
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