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SYNOPSTIS

Images of astronomical ohjects formed by optical tele-
scopes are considerably disturbed hy refractiom, absorption
and scattering in the atmosphere. Parallel rays originating
from the distant sources undergo differential extinction and
phase retardation over the telescope aperture which result
in unstendy disteorted images. Although these disturbing
effects were known for a long time and qualitatively studied,
detailed studies are rather meagre. A few atteopts at eltes
at middle latitudes have been made throwing some light on
the physics of the astronomical seeing. It is known that
propertices of the atmospheric layers have gualitative diffe-
remces between sites in egquatorial and low latitudes from
those in high latitude areas. The present work aims to
study these phenomcna from a low latitude location by using

sophisticated instruments,

In the past, the knowledge of the exact nature of
sccing fluctuations had little more than academic interest
but in the context of recent introduction of detector
matrices for astronomical image recording, the subject has
gained importance. Characteristic frequencies and amplitudes
of the different components of these disturbances and their
relotions with the atmospheric parameters provide some vital
bits of knowledge which could be employed in the building up

of clear images of astronomical bodies.



The baslc data for the present study was obtained at the
Kavalur Observatory, Indiam Institute of Astrophysics (Alt.
725 M above mean sea level, Lat: +12 Deg 34 min 32.2 Scc, Long:
78 Doy, 49 min 54 Scc East). The 40-inch (1l-m) telescope at
the observatory is located at a height of 20 metros ahove
surrounding ground atop a tall tower. Consistdnt differences
were being noticed in seeing as observed in this telescope
and other telescopes closer to groumd, implying considerable
influence of the layers adjacent to ground level. The 4O0-inch
(1-m) telescope is usced iu conjunction with a sensitive system
cuploying high goain photomultiplicers, whepn tetilurature andyied flow
détectors are  located at different levels. Fast fluctuations
in thoe rccorded photometer signals and those of atmospheric
tﬁrbuiénco arc anglysed by omploying appropriate mathematical
mobthods.  Astronomical sceing as caused by the turbulent layers
ol Luo atmosphere at diftercnt levels in the neighbourhood of

the 29 metre hipgh dome of the tcelescope 1s investigated.

The present study makes observational investigation of
imagge distortions caused cssentially by optlgal inhomogenelties
i.0., rofractive index variations in the atmosphere. The
LO~inch telescope is used in its casscgrainian configuration
for collecting scoing and scintillation data. The temporal
intencity varintions of a star on account of bloating up and
shrinking down of its image, a manifestation of astromomical

sceing, are obtaimed by monitoring the intensity of a small



A view of the Indian Institute of Astrophysics
observatory at Kavalur



patch in the focal plane of the telescope. Information regard-
ing scintillation fluctuations is also obtained by using a
larger diaphragm about 9 scconds of arc in diameter. Records

of temporal fluctuations in wind speed and temperature, repre-
sentative of the movements of local optical inhomogeneities in
the 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-
couplc and bead-~in- glass 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
tape recorder. The data is processed using computer programs
for " power spectral " and " coherence " amalyses. The choice
of these mathematical methods and their details are discussed
in the thesis. The results obtained from such an analysis are
depicted in the form of plote ¢2f spectral densities against
frequencics and plots of coherence between astromomical seeing
and atmospheric turbulence at different frequencies. These
results reflect the hidden peoriodicities in the obgorwed
phemomena of astronomical seecing and scintillation and the
extent of relationship between astronomical seeing and atmos-—

pheric turbulegce.



Finally, a dctailed sum-up of the salient features of
the problem under investigation is given along with a state~
ment of the limitations involved. Further improvements in
instrumentation and theoretical work which would lead to
a clcarer and deeper understanding of the physics underlying

the ohscrved phenomena have also been dcntioned.



CHAPTER I

ASTRONOMICAL SEEING

1.1. Introduction

The sole source of our knowledge of the visible upaverse
is the light that the distant stars and planets send us. It
is remarkable that so much knowledge concerning the universe
has been obtained by means of a simple instrument, the tele-
scope. A simple looking telescope was invented in the early
17th century and 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 1%th century came the deve-
lopment of astronomical photography and the spectroscone.
Telescopes used for collecting light from celestial objegts
and forming their images are of two typcg,yviz., the refractor
and the reflector. The first refractor was made in Holland
in about 1608 while the first reflector was 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 times, the cmphasis has been
on reflectors since a large mirror is easier to make than a

large lens.



1l.2. Aberrations

No image-forming system can form a perfect image of a
finite object. Every image has defects, cnlled aberrations
and the best that can be done in practice is to see that
the aberrations tiat would be most noticed im a particular
experimental arrangement arc made as small as possible. vom
Seidel introduced in about 1860 the following classification

of aberrations.

l. Srherical aberration: Lenscs and mirrors with large
spherical surfaces cannot form an accurate image of a point
object on the axis. Usually the morc extreme rays arc too
greatly deviated resulting in spherical aberration. This
defcect can be minimised in several ways.
(1) The refracting or reflecting surface can
be made aspheric and the aberrationm rcemoved
emplrically.
(ii) Spherical aberration produced by a single
converging lcns cannot be totally eliminated
but may be mimnimised by proper design. For
a single annular zone of the lens?s;herical
aberration may be eliminated by combining the
positive lens with a negative lens. The lenses
are so shaped that the spherical aberratiom

of the negative lens nullifics that of the
1

rositive lens



2. Coma: ZEven if spherical aberration is minimised, we nmy
still find that the image of a point slightly off the

axif is mot perfect. This defect is particularly importamt
in astronomy, since the image of a star may lcook like that
of a comet and hence the name coma. It can be eliminated

by the following methods.

(i) Coma can be eliminated by choosimng radii
of curvature appropriate to a given
object positiom - the so-called tbending!
of the lens. This usually also leads to

minimum spherical aberration.

(ii) Coma and spherical aberration arec absent
in any system that obheys Abbe's sine

condition.

3. Astigmatism: Astigmatism can be regarded as an extreme
form of coma; 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 @dge
of the wedge forming what is known as a focal line; all the
rays pass through this line and then diverge. The rays then
pass through another focal line; 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 object is
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a spoked wheel radial detail may appear to bc in focus ln cne
focal line and tangential detail in the other. Moreover, the
surfaces in which these focal lines occur may not cven be
approximately plane, thus leading to the fourth aberration,

viz., the curvature of field.

L. Curvature of field; The removal of astigmatism can be
regarded as causing the two line surfasces to coincide, and
the removal of survature of field as making those surfaces
plane. The defscts are particularly important im camer:isg in
which the image has to be £oous®d om a flat plate. The luna
which is corrected for astigmatism and curvature of ficld

1s called an anastigmat. Complex lens systums such as the
Zelss Sonnar lens system are designed to obtain the necwo-

sary correction for astigmatism and curvature of field.

5. Distortion: An image in which the previous aberrationg
have been corrected is still not nccesaarily a perfoct ropre-
sentation of the object; if the mognification warics with
obliguity of the rays then the shape of the object aay not de
reproduced and the image is said to be distorted; 1f the
magnification increases with obliquity the image of a squary
will have the shape of a pin-cushion and 1f it decroagos

with obliquity the image will ke barrel shaped. By using

a syumetrical arrangement of two similor meniscus COnvVex

lenses placed with their concave surfaces facing each other
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and with a stop mldway bvetween them, the positive distortion
of thc first element may be nullified by the negative distor-
tion of the second element. For such a lens, distertiom is
abscnt only when object and dlmage arc symmetrically positioned.
When used at other object-image distances some distortionm is
present. A symmeirical lens that corrects for distortion and

spherical aberration is called ORTHOSCOPIC, or RECTILINEAR.

6. Chromatic aberration: Because the refractive index of
glass is a function of wavelength, an image produced by using
white light usually has c¢oloured edges. This defect is known

as chromatic aberratiom.

A rough corre¢tion can be made by using two lenses
separated by a distance. The violent ray is more deviated
than the red and so reaches thc second lens nearer to the
axig tham the red ray; it is therefore less deviated by the
second lens. The deviations can be arranged to combine in
such a way that the red and violet rays emcrge parallel to
each other. A more precise correction can be achieved by
cemented doublets of two different glasses; such a lens is

known as an achromatic doublet.

Further, the wave nature of light gives rise to diffractiomn
effects and thereby introducey limitations in the use of
telescopess Ewen in the absence of all aberrations, any

optical component forms diffraction patterns characterised by
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a central moximum surrounded by circular fringes. T®wo point
objccts are resolvahle by an optical system if the two
diffraction patterns produced by them are sufficlently small

or are well separated.

l.%. Atmospheric effects

The ultimate choice of a telescope will, however, be
dictated by the uses to which it is to bBe put. But even a
finc telescope cannot surmounnt certaim restrictions imposed
upon it hy ocur turbulent atmosphere. Ploneering theoretical
and expcrimental work related to the propagation of waves in
a turbulent medium has come from Tatarski2 and Chernov5.

This includes the propagation of starlight through tho
atmosphere. Clearly, the most well-known effect of turbulent
atmosphere is the twinkling i.e., scintillation of stars,
which refers to irregular changes in the brightncess of stellar
images. In the early 1950ts, scientific interest im the
twinkling and guivering of stellar images in telescopes

boecame quite pronounced. Barly experimental work on
scintillation was reported by Mikesell4 and others. Quivering
refers to displacemcnts of the image ¢f a star in random
directions and is obviously related to the fluctuation im

the angle of arrival of the incoming light wave. Experimental
work on this problem was rcnewed by Kolchinskiso Since then,

many attempts have been made to investigatce this phenomenon.



- Cross section of a laser beam before propagation

- Crosys section of a ldas 3
5 seaetl A3 iner bheam alter propay i
through a 8OO m path. ' paration

Fig.1.1.  Effect of atmospheric turbulence
on a laser becm.



When an optical beam propagates through the atmosphere,
it undecrgocs attenuation and fluctuations of amplitude and
phase. The first effect 1s due to absorption and scatter-
ing by the comstituents of the atmesphere i.e., watcer vapour,
molccular oxygen, carbon dioxide, aeroscls, clouds. The
absorption is a quantum mcchanical process duc¢ to the intor-
action between photomns of the beam and molecules under
resonance conditions. For this reason, absorption is markedly
dependent on frequency. The scattering consists of changes

in the direction of radiation imcident on particles.

A turbulent atmosphere causes the heam paramcters to
fluetuote at random and distorts thce beam producing one or
more of the following effects@, For example Fig. 1.1 shows

the effect of atmospheoric turbulence on a laser beanm.

1. Intensity fluctuatiomst: Interfercnce between waves
of 1ight reaching the 1lmage plane from differcnt parts of the
telescope objective produces amplitude fluctuations on the
recclving surface, scintillation. These fluctuations depend
upon the telescope aperture and thu path lungth traversed by

the optical Yveanm.

2. Spatial phasc flucutation+ The phase at differont
poimts on am arriving unperturbed wavefront is not the same
but changes in a random way. Thus two points on the wave
surface of thc unperturbed wave, do not have, generally the

same phaseé.



3. Temporal phase fluctuations: Because of variations
in temperature, humidity and windspeed, changes occur in
refractive index of the atmosphere. This results in flu-
ctuations in thc¢ propagation velocity followed by random

ihase changes over a point of the telescope.

L. Fluctuations in thc angle of arrival: The angle
of arrival is the anglc formed by the normal to the wave-
front and the propagation dircection. These fluctuatiouns
produce displacements of the image point in the focal plane
i.e., image dancing or quivering. When thc path 1s long,
the wavefront can be thought of as being divided into separate
coherence regions. Xach cohercnce region presents its own
incidence angle which suffers casual changes i.c¢., crumbling

of thec wavefront, boiling or image blurring.

5. Beam deviations: The unperturbed beam, if well
estoblished mechanically, maintains a well defined dircction
of propegation. In the prescence of turbulconce, the beam axis
changes its direction in a casual way ie., illumination danc-~

ing or spot dancing or bhcam stecring.

6. Beam spreading: The unperturbed becam has its own
spread duc to diffraction. Turbulence causes further beam
spread and the beam cross-section fluctuates in size, i.c.,

broeathing.
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7. Polarisation fluctuations: An initial polarisation
ray be perturbed by the turtulent atmospherc. Suppose at
first the beam is totally polariscd. When it arrives at the
telescope objective it could present a depolarisation which

depcnds upon the turbulence and the path characteristics.

Not all these phenomena arce mutually independent. Distor-
tions of the optical images formed by thce telescopes arc not
known in detail. This knowlcedge is neccssary to plan optical
and digital systome for better image construction. The prescnt
study is intended to providce some of this knowlcdge. Studies
of this type have.not becn made at low latitudes in the

tropics and hence this study was undcertaken.

In this work scattering and absorption arc not counsidercd.
The problem of the fluctuations of wave paramcters as manifest
through intensity fluctuations expericnced by an optical beam
prorsgating through the turbulent atmosphere is examined,
making an attempt to investigatc the froguency compositiow
of the seeing phenomenon, . Also the extent of correlation
between the two proucesscs i.c., optical sceing and atmospheric

turbulence cxisting at the time of observation is examincd.

L1.4. Secing and Scintillation

then a stellar imapgce is obsorved through a telescope with

high magnification, the observed image structurc docs not in
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general correspond to diffraction pattern computed theorce
tically, even if the optics arc exccllent. The diffracticn.
rings may be resolved only partly or not at all. In addition,
an irrcgular motion of the image is often obscrved. The randonm
fluctwations in the direction of part or all of the starlight

received by the telescope arc called sceing.

The random fluctuations of the intensity of starlight
received on the ground arce referred to as sciutillation. The
twinkling of stars falls into this catcgory. The refractive
index inhomogemeitics causing the phenomena of secing and
scintillation are cxpected to occur in the turbulcent parts

of thu atmosgphoru.

I£ a plane wavefront enters a turbulent layer, it will
cmerge as a distorted wavefront any travel as such to thu
ground. Fig 1.2 shows distortion of wavefront of a light
wave. Two phenomena may follow from this situation:

(1) Below the turbulent zone the directionm of light will
show a dispersion. Thig dispersion is independeont of tho
distance of the telescope from the turbulent zonc. (2) The
intensity in the wavefront bhcelow the turbulcent zone is not
uniform. The lack of uniformity incroascs with incrcasing
distance of the telescope from the zone, at least until the
average lateral displacement of a light ray is comparable

with the average separation of the turbulent elcments.
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FIG-1.2. WAVEFRONT DISTORTION ON
PROPAGATION THROUGH
ATMOSPHERIC ZONE OF TURBULENCE.
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Changes in the turbulence pattern in theo light-path cause

the temporal changes associated with seeing and scintillatiom.
Suppose the turbulent layer consists of cells of variocus sizes
with a pefractive index different from that of thelr surround-
ings and that such ¢ells are mnear the telescope. Then thcse
cells with horizontal dimengions 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 causing blurred images. In other words,
light reaching different parts of thc telescope objective is
at different angles of arrival depending omn the cells, their
size and number. Thus seeing occurs. Such cells may also be
present within the telescope dome and contribute to seeing,
viz., dome seeing. On the other hand, 1f the cells are much
larger than the telescope objective, thoy act as prisms since
at a givenm mowy#at the whole of the telescole aperture is

covercd by a single cell. Thus again we have secing.

If the cells of varying refractive index are far above
the telescope; the changes in directiom due to cells at diffe-
rent heights average out and light of varying intcnsity reaches
the objective. This results in scintillation. Obviously,
scintillation is more prominent when objective is small. For
example, more scintillation i.e., twinkling is observed with
the naked eye as compared with visual obscervations through

binoculars. Often scintillation and seeing occur togcther.
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The image of a star im a small teloscope may both move about
in the field of view and vary in apparcnt brightness. Therc-
fore it is possible to have poor secing but no scintillation
but it is not possiblc to have good sceimg with strong scin-

tillation.

1.5. Description of the turbulence

A laminar flow of a fluid is spocified by its Reymnold's
number, relating thc velocity%,of the flow, the kinematic
viscogity n and the dimension I of the fluid as a whole,

V,.L
R - ——Lg
n
If Reynold's numbher R does not exceed a critical value

Rcr the flow is stable. On the centrary, if Ris greater
thachrthe flow becomes unstable and vortices are created.
¥or each vortex an " inncr ' Reynold's number may be considercd
and the vortex will be stablc if its Reynold's number docs not
oxceed}%crlf each vortex is not stable¢ it breaks up into
small eddies. Further break-up will occur until the¢ vortex is
reduced to a sufficiently small sizc. At this point the eddy

is stable and its snergy is dissipatcd into heat.

1.6. Refractive index and Turbulence

It is well known that the velocity of propagation of

electromagnetic waves in vacuum is a constant

10

¢ = 3 x 1077 em/sec.
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When the radiation propagatces in a medium, the velocity changes

by a factor-% where m is called the refractive index of the

3o

medium. If v dcnotes the velocity i a medium, one has V =
The quantity n depends upon the wave frequency and the charac-
teristics of the medium. '"The optical characteristics of a
turbulent element depend on the diffceroncedn between the

refractive index of the air in the turbulencce and that of the

surroundings.
o¥

Now, dn = _._ (n - 1)
f’oo

where d ¢ is the difference in density between the turbulent
element and the surroundings; Po is thce density of air at
normal temperaturc and pressure; and;xjis the corresponding
index of refraction. Since the velocities of the turbulent
air arc highly subsomic, 1t may be assumcd that density
differences between adjacent air clements arc the result of
temperature differvnces and not pressurc differences. Under

these conditions, for a perfect gas

df *  dT
P T

where dT i1s the temperatur¢ difference of the turbulent

element and € is thc mean density of the surrounding air.

Thus

g dT
dn = = ) (=), - 1
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1.7. - Inage Distortion im presence of Sceing and Scintillation

A qualitative discussion may be made considering two
extreme kinds of seeing, termed " good " and " bad Y. In
good secing the turbulent layer may bhe likened to a thin,

irregular diffractin; screen whercin the optical thickncess of

the diffracting elcements 1s so emall that a good fractiomn of
the incideyt lipht passeées through the layer in an
undiffracted (zcro-ordcer) planc wave. Images are then
obtained c¢f a quality limilcd primerily by halos of diffuscd
light caused by diffraction in the turbulent layers. Condi-

tions may ke termed " pood " when the guantity

5 2%3
K =

Here N is the average numboer of turbulent clements which the
light rays pass through on their way; Iﬁnis a measure of the
average size of the elumcnts;dQnis the mean square fluctua-
tion of the rofractive index and f is the wave-length of
light. Sincc the longth*of the optical path through the
turbulent layer increaseés with the zenith distance of the
objcct observed, N also increases. Hence good scoing is
promotcd by,

(1) thin turbulent layecrs

(2) small zenith distances

(3) small clement sizes
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(4) smalll temperature fluctuations
and (5) use of a long wavelength of

light for observations.

Thus the phenomena of secing and scintillatiom are related,
in a statistical manner, with cells of hot and cold air im the
atmosphere. Suppose that these air cells arc confined to a
horizontal layer of thickmess a rlying at a vertical height
of z above the observer. TFurthoer, suppose that the variations
in the index of rcfraction“nwin this layer arc described by a

Fouricr scrics.

If we assume that the turbulence is homogenseous and
isotropic we can describe the frequency of occurronce of
turbulent elements of differunt sizes by the spectrum functiom
b(w), for which'ew' is the wavc number inkm‘%f a Fouricer component
and- 4nw2b(w)dw is the sum of the squarcs of all the
Fourier coefficients with wave numbecrs lying in the intorval
Aw about g . If the turbulence and hence the scintillation
arc not unusually scvere, a number of authors have shown
that a rclation between blw)and the spectrum function for the
shadow pattermB(w)coan be obtained ( the illumination of a
lens or a mirror in the light of a single star is never
complctely uniform. Tho irregular patchwork of illumination

which is present at any time is called the shadow patterm ) a4

B(w) 16 7c2‘Az b(w)sinin z wz)

—p= =
hO A2
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Here f dis the wave leongth of light in centdmetrwr, The formula
indicatces in a gencral way the manner inm which wtmospheric con-
ditions arc related to the characteristics of the shadow
pattern and hence to the amplitude of scintillation. Large
temperaturce fluctuations cause large differcnces in the index
of refraction, hunce large valucs of p and B . A thick layer

7

produces a largcr B than a thin layoer' .

1,8. Sceing, geintillation and Meteorological Phenomena

If mixing of alr masscs of differunt temperaturcs Qccurs,
extensive turtulence zowes are produced and large values of dT

may cxist. This occurs in two typical situations:

(1) in a cold front and

-

(2) in an inversion layer

A rapid temperaturce decronsce, lasting for sceveral hours or
morc, indicates that o cold alr mass 1s moving into the arca.
Temperature inversion ig typical of dry climates. At night
the surface cools rapidly by radiation, and little of this
radiant cnergy is abgorbod by the atmospliere bucausce of lack
ol watcr vapour. Thus cold air forms close tu the ground.

The higher layers ol the atmosphere show little change in
Leuperature, unlcus Llhere is wind. The thickness of the layer
of c¢cold air steadily dncrcascs during thce night. The vertical

tenperature gradicnt shows an inversion abt the top of the cold
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air.. Turbulence with large valucs of A% nay oxiet ne.r the

inversion.

When shadow-pattern velocitics arc comparcd with wind
velocitics at varicus altitudes by difforcnt meteorological
instruments,it is found that im nearly all cascs the wvelocity
pattora agrees with the wind velocities at those altitudes.
Scientillation is cssentially caused by a turbulent layer of
mixed hot and cold air located in differcnt parts of the

atmosphcere.
Conditions for good obscrvationt

1. Good obscrving conditlons cnsue when
the ground huating is minimum, as
otherwise there exist thormal inhomo-
geneitics in prosence ol ground radia-

tion by cooling.

2. Goad conditions would prevail if there
is minimum of wind turbulcunce, since
this turbulence gives risc to thormal
inhomogeneitices and therchy inhomogenci-~

tice im the roefractive indox of the medium.
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CHAPTEHR II

OBSERVATIONS OF SLEEING AND SCINTILLATIJ

2.1. Obscrvational mcthods of Sceing

1. Image diameter; The only seeing.fcature obscrved through

a large aperturce is the profile of awn image. It 1o obscerved
that an image does not have sharp edges. Tt has boeon shown
that the profile is usually ncearly Gaussian. Suflficient mapgni-
fication must be used so that the lmapges look like discs. The
magnification has to ke choscu according to the sveing condi-
tions. Photoelectric mcasurements through diaplirapms of
diffcrent sizes show what fraction of the starlipght is included

in a visually estimated diamctere.

2. Imagc motiont Tu Lhe case of small aperturey, it ic sutfi-
cient to estimate the maximum excursion of the inage from its
averagce position. Such estimatces again yicld a radius within
which the image will stay for 80 to 90 per cent of the time;
this radius ncvarly has the game value as obtained in tho

previous method.

5. Photographic trailss Image motion can be studiced rcvadily
by trailing the imagc of bright stars across a photographic
rlate. This procudurc alsc allows for the deduction of the
entire image profile cexpeceted for large aperturcs. This method
works quitc satisfactorily if the sccing cffocts are maniflest

as imagc motion.



21
4. Tmage intensifiers: The usce of image intcnsificrs has a
great advantage in studying this problem, since it cunables
oneé to use sghorter cxposurcs and to work with faintcr sour:zces.

: 8 :

Frederick ,(1960) has becn able to photograph binary stars
having separations as small as 0.3 sccond of arc with the aid
of a two-stage cascaded-image intunsifying tubce and cxposuras

of the order of Igalsucond ol tinc.

5. Observation through two apcrturcs: If{ tuo umall aperturcs
arc¢ placed in front of a teluscope of large aperture and images
slightly out of focus ar. obscrved, two sharp hut scparated
images can b¢ seoen. The relative iuwapge motions aud sbtruclure

of the two images provide voery usceful measurcs ol what the image
appearancc would be in a tulescope o aperturc cgual to the
scparation betwecen the holues. Frowm photographic trails of the

images, image profilcs for the larger teluscopes can boe deduced.

6. Study through diffraction pattern: One of the wost widely
uscd methods was proposcd by Danjon (1926) 2, It is bascd on
the ¢stimates of tlic resolution of the ditfraction pattern ol
stellar images obscrved thirough apoerturis of 20-25 cms. Thu
estimates wade in a scalce described by Danjoun are thon trans-
formed by allempirical roelation to angular moeasurcs. Allowauco
for thc actual aperturc uscd can readily be made. Such csti-
mates can be carricd oub wuamily and with accuracy. Sweelng,

cffeccets which appear as dmage wotion Lhrough a 20-25 cn
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crror in the basic assuaptions. The phaso shift at a point

on the disturbed wavefrout is dependent on the wavelength,
Lelug only half at 8000 A of that at 4000 A. In this

nanner tle phase-shift autocorrelation function appears

to bc dopendent on the wavelenpgth in such a way as to yicld

a correlation functivn independent of colour in the image plane

of the telescope.

Recent balloon studics, bhoth manncd and unmanned have
added informatign on high-nltitude sveing offects.  Scoelng
and gcintillaticn greatly diwinish upward in the first
20,000 goet ( 6000 it ) above the carth and arc noglipmidlce
above 5(,000 fuct ( 15,000 % ). Tt has boen found, however
that a light scuice on n balloon cobserved from the ground

dous not bepin o seintillatce until high altitudes arc reached.

Systematic changes in sceing with latitudes and longi-
tudes appenr €0 be smaller than the variations between the
buslb ani the poorvst sceing at any one site. Records for
many years are thoereforce necded to yicld a significant
average. The jeb~stream shows an amnual variation in lati-
tude from 15O to 600D whilc polar frontal systoems range
from 20° to 800. The principal sources of thermal inhono-
geneity in the frec atmosphere thus cover almost the cntire

globe, Though the friquergy of disturbance varies regionally.
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A Jarge number of experimental papers arc devoted to
the study of the quivering of images, a review of which is

b4

contained in the papers of Kolchimski This author arrives
at the conclusion that the mean square fluctuations of the
angle of arrival of thc light from the star is dircctly
propdtional to the sccant of the zenith distance of the

star. Dependence of the amount of gquivering of stellar
images on thc zenith distance is as shown in Fig. 2.1.

Also emplrical dependeunce of the amount of twinkling on

the diameter of the telescope diaphragm is shown in Fig.

2‘2.

2+%. Minimization of secing effccts-

Couder (1953)15, Rosch (1955)7 ’ and Sisson (195717
suggested methods for suppressing sweing offects in optical
instruments. Devices with combination of ventilation and
tomperaturc-control system werc made to ensurc that the
temperature of the air within the instrument is as ncarly
uniform as possible and at thc same time maintaining the
same tomperature existing outside thoe dome. These methods
have their own drawbacks. Brief periods of good instrumen-
tal seeing have been obtaincd by Leighton (1957)18 by
utilising the first 100 seconds after first opcning the

60-foot Mount Wilson solar towcr to tho sum's light.
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Another approach to the problem is basced om the fact
that, at any given instant, the wavefront being focuscd at
adjacent points in thc-focal plane have traverscd pretty
much the same elcments of inmhomogeneitics in the atmospherec.
To the extent that ' is true, the images of thce adjacent
sources will be displaced and distorted in the same manner,
a fact that opcns up the possibdility of analysing one or
morc of thc images to determine the naturce of the distor-
tion and using this information to introducc optical corre-
ctions, as suggested by Babcock (1953)19 and actually
achicved, so Tar as latcral displacements arc concerncd,

by Leighton (1956)20 and Dewitt, Hardie (1957)2%,

Mc¥iath (1955)22 offered a complete solution to all
sceing problems by placing the entire equipment at an
altitude sufficicntly high that a negligible amount of
alr lics in tho light path to the instrumcht. Uslog a
12-inch reflcctor suspended from a balloom at an altitude
of 80,000 fect, Sclr.rrzschild (1959)23 has obtained photo-
graphs of the solar granulation of unprecc-dented defini-
tion. Using exposurc times of approximately 1/1000 second,
the theoretical optical rcesglution of 1/3 sccond of arc
has been achicved im the best photographs. However, such
experiments are rePe and gencrally the observations have to
be made with the ground-bascd telescopes. Ag such detailed

studies of seeing arc quitc vital and useful.
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2.h. OQbscrvational methods of Scintillation

The rapid temporal changes in the shadow patterm arc
accompanicd by changes in the integrated illumination and

scintillation results.

Dircct observation of instantaneous shadow pattorn is
difficult because cven the brightost stars do not furndsh
cnough light to permit the use of exposurc times necded to
stop the motion { of thc order of 1/500 second ) with
ordinary photographic toechmiques. So the statistical
propertics of a shadow pattcern can be studicd by the use
of higheefficicncy photomultipliers at points separatcd by
a preassigned amount. Barmhart, Keller and Mitchell (1959);4
havo obtained fairly typical autocorrelation fuunction Q

for stars mcar thce gzenith which can be approximatcd by the

expression
(a1)?

2@Aro)2

Q = exp -~

where Aris the scparation of thoe corrclatced points in

centimoty #s andArgis of the order of 2 cm.

2.5. Somg results of scintillation studics

Protheroe (1955) 25 found that a moan valuc of the scin-
tillation at Colombus, Ohio, is of thu urder of 40 per cent

of thc mcan intensity for an aperturc of 2.5 cm when one
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obscrves closc to the zenith during the night.

Mikesell, Hoag and Hall (195126 determincd thc fregquency
spectrum of stellar scintillation. Nights of both good and
bad seeing werce used and obscrvations were made & Washington
D.C. and Flag Staff, Arizona. Represciatative scintillation

spectra are shown in Fig. 2.3.

The authors consistently found that when the secing is
good, the high~frcquency components are missing and the low-
frequency components arc much less pronounced than they are
under bad sceing conditions. They also derived the dependonce
of scintillation on zenith distancc, showing the ﬁell—known
fact that stars necar the horilzon scintillate morce slowly and
with greater amplitude than do stars ncear the zeanith. Also,
scintillation were found to dccrcasc with increasc in tclee
scope apcrturc and the scintillation amplitude was roughly

propotional to the imverse of teleuscope dipacter.

The colour dependeice of scintillation was found to be
slight or nil and there was no cvidcence of dependence on the

planc of polarization.

Protheroe (1955)25 and Mikescll ¢t al (1951)26 have made
obscervations of the frequency spectrum of scintiliation. It
is found that the fluctuations in intcnsity of the light have
frequencics varying upto perhaps 500 cps. The r.m.s. ampli-

tude pecr unit bandwidth is morce or less constant upto 75 cps
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and dccrcases fairly smoothly to zero at the high~frequoncy
limit. During winter months, when metecorological conditions
at thos¢ places arc more severe, it is found that the ampli-
tudes at all freguencics arc largcer, but those at the highor
frequencices relatively more so, probably because of the higher

wind velocities that prevall at that time of the year.

A pumber of studies have becn made of the relation of
upper-air phenomcna to the behawvwiour of the shadow bands and
scintillation by Prothcroe (1955), Gifford and Mikcscll

(1953)27, Mikosell (1955)38' and Barnhart ct al (1959)24‘.

The autocorrelztion mcthod can be used with considerable
accuracy to measure the specd and direction of moftion of
shadow patterns. Although thc most striking of the temporal
changes in the shadow pattcecrn is its lateral motion, important
intrinsic changes occur fairly rapidly. Barnharg ct al
(1959) found for a sample of 12 nights that the pattern
changes complctely in periods of time varying from 6.5 to 13
milliseconds. During this period the pattern as a whole

moves distances of the order of 15-27 cms.

Two-dimensional spatio-tcemporal power spoectra of sghadow
patterns associatod with the stellar light scintillation has
been dctermincd experimentally by optical filtering of the
spatial freguencies. The¢ rusults show c¢videnee for a multi-

layer structure of the air turbulence in the upner troposphere.
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Altitude and wind%peed can be deduced for each layer. They
are in good agrecment with wind profiles from mceteorological

data as st todby Veornin and Roddier (1973)29.

2.6. Some methods of minimization of scintillation

It would be expeccted that the usc of a large aperture
has the cffect of partially averaging out flucteaticns in
the total light reccived Axm the focal plane. Protheroc
(1955) has obtained data in this experiment from 1.25 to
16 cm aperturcs which agrec surprisingly well with the
theoretical expression for the samec effects. It scens
clear thercfore that scintillation ceffeccts can be suppressed

by using a large aperture.

Those methods adoptcd for reducing the effects of secing
can also be used in this casc for achieving good rcsults

ultinately.



CHAPTER TIIT

INSTRUMENTATION

-

3.1. Intrcduction

The plan of observations and the method of analysis in
the present investigation werce designed to obtain simulta-
neous rccords of tomporal varilations inm secing and scinti-
llation and two of the atmospheric parameters, viz., wind
sprvced and tcemperaturc. The onc-mebtor ( 40-inch ) telescope
at Kavalur is uscd in its casscgrainian configuration with
photoelectric photometer as the detector for rccording
scuing and scintillation data. Separatc micrometcorological
instruments have beoen cmployed for collecting wind speoed and
tomperature dato within the lower layers cof the atmospherc
in the noighbourhood of thie tcelescope dome. The individual
and simultancous records of data of astronomicol scoing and
atmospheric turbulence have hoen subjected to nathcuatical
analysis to detoct hidden periodicitics in the phenomena
and to investigatce the cxtent of relationship between tho
opticul image distertiung and inhouogeneitics in the atmos-

phere.

3.2 Experimental arrangement: Optics and associatcd elcct-

ronics

1. Optics: The onc-meter ( 40-inch ) tclescope at Kavalur

( Alt: 725 M above MSL, Lat: +12° 34' 32.2%, Long: 78° 49 SLME )
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is set up inm itscassegrainian configuration. The schematic
dizgrai of this optical sct-up is as shown in Fig. 3.1. The
primary mirror is a paraboloid whilc the sccondary takes the
form of a convex hyperboloid. The sccondary is placed
within the focus of the primary mirror. Reflccted i ht frum the
scecondary passes through a hole in the middle of the primary
nirror and thc image is. formed behind the primary. A suitablo
deteeting system vlaced gt the position of the dmage collceccts

the light.

This tclescope, a Carl-Zelss make, works in both Cassc-
grainian and Coudc configurations. Obscrvations in . both
photometry and spectroscopy of stars arc made using this
telescope, besides astronomical photography. A range of
f-numbers can be chosen depending upon the type of obscrva-
tion. A digital computer, TDC-12, is used to operatc the
tulescope according to a preassigned programme in an on~linc
modc in somc obscrvations. This telescope is placed on an
equatorial type of mounting. The situwation of the teluscope
is 1deal for making extunsive ohscrvations of tlie southern
skies. Attachod to the maln telescope arc thrce smaller
telescopes of 10", 8" and 3" aperturc which are uscd for

prelinipmary adjwstments and vicwing purposcs.

2, Facilities with the telescope: The movenents of the
telescope along right ascension and declination arc achieved

clectronieally. A separate electronic systom takes care of



35

‘NOILVHNOIANOD NVINIVHO3ISSYD 3HL L'E€-9I14

"4 snd04 2y} buiyoovas 2.40}29q Josiiw
jopiojoquadAy pws ay} AQ pa}izsiaiul 24D SADJ Buibiaauod 2y)

Lo




36
compunsation against carth's rotation rendering the positionm
of the telescope stcady during observation of an objcct.
Haudsets arc providced for making fast, intcrmediate and fine
movements of the telescope. By mcans of the handsct, focusing
can be donc by the ohkscrver stationed at the spot of observa-
tion its®li. The entirc status of thce telescope positiom is
displayed on the console, when required. One can obtaln right

ascension, hour anglce, local sidereal tine and ailr mass.

Since the telescope is uscd with different accessorics for
different wbservational programmes, it is nocessary to counter-
balance 1t according to the acccessory used. This is done by
adjusting the position of the counterweight. The telescope
is installed atop o high tower and a lavge dome covers the
teluscope from above. The dome can be rotated tu any desircd
position and the large slits upon the dome can be opened at the
time of obscervations. The movements of the dome and the dome
slit arc made automatically. The switches for this purpose
arv provided at the console. The cxternal surface of the
hemigpheric dome is padlnted white using titanium oxide so as
to roflect all heat radiation and to keep the inside tempe-
raturc as stcady as possiblce. The primary mirror is oxposed
to thoe sky only at the time of obscervations by opening the
flaps covering it. The switch to open and closc the mirror

flaps is also provided at the console.
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The cobsorvatory meintains clocks showing Universal Time,
Local Sidercal Time and Indian Standard Time..Tliese clocks are con-
trolled by quartz crystal oscillators. The. clocks are sct
every day prior to the commencemcnt of the obscrvations with
the help of BBC time signals. In casc power fails, power to
opc¢rate the telescope can be drawn from two stand-by power
gencrators without causing any interruptions to the observa-

tions.

In the present studics appropriatce cheice of diaphragm
and filter has beon made to suit the particular requircments
of the individual experiments belng performed, whether sceing
or scintillation, thc typce of photomultiplicr tube used, the
spectral class and magnitude of tho star and the cxisting sky
conditions. A Fabry lens is used as shown in Fig. 3.2 to
illunimate the photocathode of the photomultiplier tube unifor-
mly. Further, the entire detcecting system is cooled to dry
ice temperaturces for overcoming the disturbances from thermal

noise. Fig. 3.3 is a view of this optical tclescope,

The star signhals from the photomultiplicer arc amplified
and fcd to a recording system. Gain settings of the photometer
arc suitably selccted depending upon the oxisting conditions
of the leovels of the sky background. The signals that are
rccorded arc simultancougly monitorcd with the aid of the

display on CRT screcen of an oscilloscope.
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Fig.3.3.

1-m optical telescope in its

cassegrainian configuration

with photoelectric photometer
being set up at its focus.
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A range of sensitive photomultiplier tubes like EMI 9501,
EML 9558B, 1P2l has been used in this work. Such a situation arose
because the observational 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
systemzo 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 algo reproduces the stored data on & cathode ray
oscilloscope screen as an analog record. Fig. 3.4 shows
photomultiplier tube signal am@]lflfv electronics. A guartz
clock as shown in Fig. 3.5 is incorporated in the equipment

and 1t provides time resolution better than a millisecond

in the freguency analysis of astropomical seeing. A crystal
clock followed by a divider chain generates a train of pulses
of pulse freqguency loh'cyclbsjper second as well as bunches of

1 KHz signal at 1 second intervals. The printed circuits are
produced in the electronics laboratory of the Indian Institute
of Astrophysics. This system is capable of giving high accuracy
with low lewel apalog input signals typically in the order of

lO"-7 amp. It consists of a current-to-voltage converter. which
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accepts the PMT output and provides the voltage directly. The
filtered signal voltage is given to a voltage-i-frequ'ney
converter. It uses a frequency modulation technique. This
consists of a low-drift voltage-~to-frequency convert,r providing
an output pulse train whose remtd tion rate is a precision linear
function of the input voltage. This low-drift, ultralinear
device has the ability to handle positive, negative and diffe-
rential irput signals. This output is directly recorded on one
of the FM channels of a tape recorder. The recorded output from
the tape recorder goes through a frequency-to-voltage converter.
Phis provides a linear conversiom of frequency information to

an anolog voltage whose amplitude is pgoportioanal to the input

signal frequency.

3.3, BExperimental arrangement for recording wind speed

fluctuations

L. Hot-wire anemometer: It is used to record the fluctua-
tions 1n wind speed. The principle of its wofking is that when
a senscor wire of very low thermal inertia such as superfine
Platinum-Iridium or Tungsten is electrically heated in a bridge
network and thc sensor wire is exposed to the wind, the wire
loses heat to the surroundings and hence its temperature and
resistgnce drop. Such a drop can bhe 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



Il

passing winds, the temperature of the wire is reduced because of
increased coolingEl_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 f¢g to a fecedback amplifier'ja vhich
drives a current through the bridge for restoring the bridge
balance. The detailed electronic circuitgy typical of the

device is as shown in Fig. 3.7.

The bridge arm ratio is set to unity and the fixed resis-
tance value kept low to reduce the loading of the hridge by the
feedback amplifier. TFor 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 thce range of 1.5 to 1.7.

(1) Construction of the hot-wire probe: The hot-wire probe
conelists of bare Platinum~Iridium ol about 1 to 2 mm 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 cerzmic 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 connecting them to

the terminals of the hot-wirc bridge. The electrical leads are
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insulated to avoid any shorting. The yprobe 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 riggedness, un-

coateil t ngsteh Wiy be uwsed as o scusor. It cannot be soldered
and so has to be spotwelded. Silver coated Platinum-Ehodium
can also be used as a sensor material. 1In this case, the
sensor can be soldered to the ncedle tips as there is silver
coating on them. Subsequently, a little silver is removed by
what 1s known as etching from thé wire to make it a sensor

( using 30% nitric acid ). The rcsistance value has to be

compatible witlh the other bridge resistors.

(i1) Zalibration: Calibration of the hot-wire anemometcr is
cariried out at the National Aeronautical Laboratory, Bangalore
The calibration is made by keeping the wire in a wind tunnel
and measuring the voltage V across the bridge as a function of
wind speed T. U is obtained using the values of the air
pressure in the wind tunnel as given by the formula

U = 12.56 (yh)
Herc, h is the height in mm of the liguid (alcohol) in the
U-mgnometer employed to observe the air pressurc. The experi-
mental set-up for the {slibration is as shown in Figs. 3.12 and

3.13.
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Fig.3.9.

Close-up view ofa hot -wire
anemometer sensor (Pt-1r attoy}
mounted ona probe and supported by

a long rod.
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i 300 Close up e of the hot-wire
(sensny)
Material Pi-tr alloy, Imm in
lengtts and 10 microns in dia.



TAPPeP "TRESSI
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Voo oo tiger o
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iy 310 DISA hot-wire ganemometer
electronics. Model 55M. Has
monitoring meters , comrds
for gdin setting, filtering,
zero suppression facility when
long cables are used.
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Fia. 312, Wind jet facility for hot-wire sensor
calibration.
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Fig.3.31. Calibration of a hot-wire
sensor in "Frzz Wind Flow.



Sk
The ocutput voltage oi the anemometer is compared with the alr
speed as calculated abovec. This calibration 'is done for a few
probes. The data is used to determince the constants 'n' and

54

'B' in the modified king's 1low .

Ve = V§ + BU"
which relates the output voltage (V) to the air speed (U).
Vo is the at-put voltage at " no flow " cundition. The cou-
stants are- evaluated by the wnethod of least squares by using
15 data points. The values of n and B are given in table 3.1.

The details of location of thce different sensors are givoen in

table 3.2.
e oV . N
The sen31t1v1tyf5“ 15 obtaincd from the relation
oV n V2 - V2
—_— s e —————2
ouU 2 VU
The plot o”ﬁa{ Vs U for onc of the sensors (used over the

oU
dome) is shown in Fig. 3.14.

(iii) Specification of scnsor. matorial:

1) Material of thu scensor @ Platinum-Iridium alloy

ii) Diameter of sensor : 10 microns
iii) Length of sconsor : 3ol omm o approx.
iv) Material of ~o . .r.. .: Ceramic body with
sensor support steel prongs
v) Diamster of sensor : 05 mmoapproxe.

support
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FIG-3.14. Sensitivity of the probe located over the dome.
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(iv) Limitations: Although hot-wire anemometer has earned a
predominant place in such measurements, it has iiln 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 sensor material ( Pt-Ir )
ig very fragile, it is extremely
exacting to keep it in tixct for long
intervals of time. S0, nmuch care is
exercised 1n preserving the delicate

wires.

(% Motivation in using hot-wire sensor- The motlivution for
usi.ig such sophisticated micrometeorclogical instruments in
this research project in which extrenely high frequency
response instruments arc to be employed, is being well brought
in Fig. 3.15 where it is indicated that hot;wire anemoneters
arc best suited for measurements in atmospheric turbulence
wherc eddy sizes and their frequencies are of such minute
scales. This figurc is drawn from the work of Daniel ‘A.

Mazzarella””.

out
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2. Cup anemomctcer: Bucause hot-wirce scensor is vory f[fragile,
another stand-by wind speod recordiug inutrument 1o maitntainad
and used. This is Young Company cup ancmomvtir that is pro-
vided with a windvane also to indicate the dircetion of wind
flow. Data from this instrument is rocurded in one of the

channels ol the tape recorder for using it when roquired.

Principle of cup ancmomcturs The cup whoeel nukes one roevolu-
tion for cach 7?5 cm ( 2.46 feet ) of wind pussage.  The cup
wheel 1s supported on a stainicss stecl shaft which' rotatus

in two stainless stecel procision instrument grade ball bearings.
The cup wheel drives the miniaturc d.c. tachometer pgencrator
through a unique floxible coupling consistliog ol a clreular
bristle disc mounted on the cup wheel ghalt aud o small coup-
ling with two sharp pin projuctions mounted ow the pgonerutor

shaft36o

The voltage output of the gonvrator g 24000y ¥ Ty ot

™ . n * g v
1800 rpm and is  very Llinvar throughout the working range

Iotcrnal resistence ol the miniature gencrator is 7.1 ohus
nominal. The outpul glpnal {4 gritubTe ror v, nelic toue

J

TeECoruer .
Fig. 5.16, 3.17 and 3.18 show Model 610L 3~cup ancmoneter,

wiadvaie and récorder rogpoolively

.



Fig.3.16 Cup anemometer



Fig.3.17. Close-up view of Younyg Company

Windvane; m‘tached to the wiit i

el is a hot-wire sensor,




w / Cup anemometer chart

recorder

(4]

Lad
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5. Nichrome Bridge Network: This nctwork is used as a back~
up .to thd ~bove tvo instrumontd, A sultable bridgu
network employing nichrome wirc as the sensor 1o used as a
stand by device for rucording the fluctualiuns in the wind
speed. This arraugeacnt is considerved necusSary rtor mecbing
any emergehcy like cquipment failurce in case of DISA hob-wire
ancmometer in field experimunts at Kavalur. A solduring iron
heataing clement ol 25 or 69 W rabing is aloso sultlabloe ag toc
sensor materidl. The sciosing clomealt Forms one ol the arms

of a Wheatstone's net as chown in IFig. 3.19.

The principle of its working is that whon the healed
scnsof expericnces variations in wind speod, 10 undergoes
changes in its depree of hotnesg. This change in its toempee
rabture causes a change in ity resistoance.  This iu Lern lords
to the variations in the vollapge measurcd across Lhe vertical
diagonal of thve bridge. ‘'Thus, thesge variations in voltage,

as an output, will provide a measure of wind speed lucluae-

tions.

The average signal streupth ol the wind spead diring
obseérvations in an ordianary night without any signal amplifi-
cation is aboul 30 wv. It has becn ubserved that the tape
recorder that is usced [lor recording these fluctuations, itsclf
gives small,signal lcvels of about 50 mV, when unrocorded
empty fape is run through it. Thercfore the output from the
bridge is preamplified so that the signals of the wind speed

fluctuations do aot get drowned in the rocorder noige.
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Overall frequency responsc:

Tape Specd Frequency Toleorance
range
22V /e cC 0Hz~1250Hz7 30Hz-0dB + 0.5dB
625Hz-0.5dB + 0.5dB

1250Hz-2.50B + 0.5dB

Input level (for maximum froguency sweep)

0.1V-0.2V-0.5V-1V-2V or 5V
(selection by calibrated attenuator switch)

Input Impedgnce: 10,000 Ohms
Output level : 1V peoak across 10,000 Ohms

Output Imncdance: 30 Ohms

Fig. 3.20 and 3.21 show EMI 4-channel and Philips 7-channel

analog tapce recorders used in this werk.
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Fig 3.21. Philips  7- channel analog tape
recorder. Has controts for AM/IFM

recording , variable tape speed
and gain settings.

(2
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22. smperinental scb-up for recording atmospheric temperature

1. Wheotstone!s net : This is used to record the fluctu-
ations i. the atmospheric tempersture. The sensor elé-
ment, one of the arms of the bridge, is the bead-in-glass
type thermistor with its glacs encap-ulation removed,

The sensor is as shown in Fig. 3.22. Herc the sensor
responds by changing its resistance mainly due to the
variations in ambient temperature, unlike the nichrome
wire which responds mainly to the wind speed variations
on account of its being bhot. The net work diagram is

as shown in Fig. 3.23.

Whonever there is a variation in atmospheric tempe-~
raturc, the temperature ol the thermistor alsc varies
resulting in changes in its resistance. These changes
in resistance will finally reflect as voltage fluctuations
across the vertical diagomal of the bridge. If these
voltapge fluctuations arc taken as output information
and recorded, they will provide a mecasurc of temperature
variation with time. Thesc signals are rccorded in one

of the MM channels of a tape recorder.

The bridge is excited hy a stabilized 5V D. C. supply.
The bridge null is adjusted at 0°c. The bridge output
is amplified by a suitable amplifier that gives null

output for 0°¢c.



A

THERMISTOR/| (47 K .N)

N

Fig. 4.2¢  Bead-in-glass type thermisior
with glass encapsulation removed.
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The amplification is such that at 30°C the output
is 300 mv. This is being done to g¢btain a fairly linear
output ii the temperature range of 10%to 5000. The
range is extened liberally on either side of thu actual
range of temperature encountered in the atmosphere. The
electronic circuitry is powercd by a supply circuit cone
sisting of a step-down transformer, 4 diodes bridge, a
capacitor input filter, a + 5V D.C. regulator, a - 5V D.C.
regulator. The unit works on 230V, 56Hz, single phaso

AJC JMains.

(1) Calibrationm: The thermistor is immersed in a bath of
melting ice and the zero cutput of the unit is adjustoed.
Then the thermistor is immersed in a standard temperature
bath at 3000 and the output is adjusted for 300 mV as
indicated by a precise digltal voltmeter. The calibration
set-up is as shown in Fipg. 3.24. Thec outputs for diflcrent
tempratures between 0° ;pd lOO?C are taken and the cali-
bratiocn done. Calibration is checked every time before

a set of readings is taken. Table 3.3 shows thc walucs

of output voltage for differcnt tempcraturcvs. Fig. 3.25

~~~~~

(i1i) Limitations: (a) Thermistors are not very scositive
to minute wvariations in atmospheric tompcerature.
(b) Frequency responsc of such thermicturs

is not satisfactory.

(S
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TABLE 5.3

Table showing the variation of Thermistor bridge amplifier

output ( in myv ) with change in Temperature

Thernistor bridge

( In d§§§522a§2521us ) ampl%figrmv°§tput

8.0 23
11.0 50
16.0 102
18.5 130
22.0 190
24.0 220
30.0 300
35.0 380
40.0 480
45.0 610

50.0 760
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7
2+ Chromel-Alumel Thermocouple: Since thermistors are not
very sensitive to smull fluctuubtions in tempraturc,; w
thermocouple using Chromel and Alumel slements; is .
used for recording minute fluctuatiomns. The hcad of
chromel-alumel material is mado as tiny as possidble for
better frequency response and greater seunsitivity. Since
the output from the thermoéouple is of about 40 pv
that is to be amplified before recording. This device
is specially used for recording low-~frequency coumponoants

in the tempfirature variations.

The electronics designed for amplifying the thermo-
couple output consists of a 2-stage preamplificr, since
amplification from a single stage is found to bo inadequate.
Two low input-noise voltage¢ operational amplificrs (LM725)
are used in cascadesPy40 The first stage of the pree
amplifier provides a voltage gair of 100 and the sccond
stage provides a gain of 20. The incoming signals are
passcd through a low pass #ilter(741) with a cut-off
frequency of 40Hz. This c¢liminates high frequency noise
components and allows to record the low-fregucncy compo~
nents of the atmospheric temperature variations alone.,

The final output is fed to one of the FM chanuels ol the
tape recorder. Fige.3.26 and 3.27 show the thermocouple
probe and the tiny chromel-zlumel bead. Fig.3.28 shows

the electromic¢ circuitry employed. In the present study,

temperature data has been obtained using both the devicus.



-]

pat Buo). D
Aq pejsoddns pup 2qoid D uo paunow
adnodouwiiayy jy-49 O 40 m2ia dn-2so01) ‘9Z°E Big




{an 327 Close-up view of the Cr-Al
thermocouple.( Temperature sensor)
Material : Chromet -Alumel in bead
$orm; bead size: 50 micronsindia.
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3.6, Details of observations

With the above set of instruments, simultaneous
records have been obtalned of the fluctuating paramctoers.
The following table furnishes details of sonc obsurvztions
carried out on different nights, the instrument at
focus, dlaphragms uscd, filters chosen and the photo-
multiplier tubes employed. Details of the stars chosen
Ifor observations alsoc arc given. Sky and weather
conditions existing during each night have been rccorded.
Details regarding the tape recorder channel pumbers in
which different parameter information .was recorded, wcre
carefully ncted for subsequent retrieval of data in a

systematic fashion.
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3.7+ Diaphragnms

While recording stellar intensity fluctumtions, two
diaphragms of daifferunt diameters werc used separately for
obtaining data exclusively on scintillation and secing. .While
a fairly large diaphragm, 9 secs of arc or 1 mm in diameter,
has been used to record stellar intensity fluctuations (scin-
tillation)., a tiny diapbrage, 25 microngin diameter equiva-
lent 0.4 sot of are¢ hau Dbecn cmployed for recording the
bloating up and shrinking down ( a menifestation of seeing )
of the star image. Stars of fairly good magnitude at diffe-
rent zenith distances are chosen for recording these stellar
image intensity fluctuationg. This data is used for subsec-~
quent analysis to account for the effects of the depth of
the atmosphere the lipght wave would propsgate iw rcaching the
tclescope. Observations havo been carricd out at the obscr-
vatory durirg differcnt nights and for cach night tho data is

collected &t different hours.

The amount of variation im light intensity with bloating uyp
and shrinking down of the stellar image can be likencd to a
similar effect of variation of illumination produced cn a
screen when ;t is moved towards and away from a source of
light. Here the inverse squarc lawE = ég , which indicates
the pattern of illumination ( E ) drop with increase in scpa-
ration ( 4 ) between the screen and the source, is quite

evident. Therefore, in the present case of seelng monitoring



89
the variations in intensity during sceing fluctuations may be
assessed by simulating similar variations of inteunsity of lipght
using a screen and a source of light and by wvarying the dis-

tance of separation hetween them.

3.8, Dipitipation

A1l the above data have bucn obtained as meuntioned carlicr

using differvnt instruments and storing the data so acquired
on analog tapes. ‘This data requircsto be degitized for
processing by usilig large dipgital computers with high nono-
ries. Data ohtaincd in the obscrvatory at Kavalur and stored
in analopg tapes are dipltized at the g.chool of fiutomation in

Indian Institute of Scicnce, Bgngalorce using the  hybrid
computer facility. The hybrid computer section in the School
of Automation is shown in Fig. 3.29. The digitigzced data arc
stored in 9-track computbter compatible magletic tapes. These
tapus crc usced as input media subscquently with DEC-1090 compu-~
ter system for processing the data. The large memory (256 K)
of this systom is ncededt for processing data on stronomical
seeing&atmosiheric turbulence, which arc very large cven when
the analog data is dapgitized at sampling frequencics of
500 Hz and } KHz. Data from Kavalur has been digitized at
500 Hz and 1 KHz with duc regard to the implications ol the
Nyquistt!s critereoﬁF%nd the fluctuating phenomena under inves-

tigation.
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To be surce orf what has beon digitized couforms to what is
to be digitized, the following step is followed. First, the
display of analog data from EMI or philips tapes is seen for
ovcr a particular lecngth of the tape. This portion is digitized
aud storecd on a 9-track mggnctic tapc. The S~track magnetic
tapy.is now used to give the stored data for display on a
CRO screen afte) the same has gone through Do A conversion.
I{ this display is comparable to the one scven carlicr within
the tolerance limits of the sampling frequency chosen, then
it can be said that dipgitization has boun done fairly well.
Digitﬁzod data is stored on 9-track magncetic tapes in 14-bit
format by this compulur. For purposes of record, a paper
priut-out ol the difmitizad data from the hybrid compuler is

taken of a foy sauple files.

Since DEC-1090 computer gystem handleg information in
36-bit format, the format of the Hybrid computer in 9 track
tapes has to be changed suitably. This is achileved by using
a standard subroutine " SWAP " in the systom soft-uayce  of
DEC-1090. After the Lormht change, a print-out ol Lhe same
sample files chosen carlicr with the hybrid computor is takon
from DEC-1090 alsoc. Both of them sare comparced and found to
tally with each other perfectly. Figes %2.30 and 3.31 show
these print-outs from thoe two computers for a couple of filces.
Thus it is verified that no stage of dipgitigation and/or foruat

conversion, the oripginal data collected ab Kavalur undergocs
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any distortion.

This method of digitization has saved congiderable amount
ol time and labour iw inputing the data to digital . computers.
The storage medium in mapgnetic tapes is quitc compact and
vlegant, allowing procossing of data with computers locatoed

in diffoerent places.

The details of the peripherals of the hybrid computer
systoem are shown Fip. %.%2. This hybrid compuber 511 at the
School of Automation in Indian Ipstitute of Sciocuce, consists
of PDP-11/35 digital computcr. It has 96 KW of memory, a
magnetic tape drive, (800 bpi), two RKO5 disc drives, onc
10MB disc drive, onc Line printer, a card rcader, a DEC-writoer
VI-11 graphic subsyshem and an amalop computcr (AD 5).

The analog computor hag L0 channels, 15 bit ADC =and 8 DAC.
The system is capable of dipitizing analog data upbo a maximunm

sampling rate of 10 Khaz.
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CHAPTER IV

POWER SPECTRUM ANALYSIS OF SBEING DATA

L.l. Introduction

The temporal fluctuations of astronomical sceing and
atmospheric turbulence form a random time serics and can'be
subjucted Lo mathomatical analysis Tor oblalniup vilal dinfor-
nation regarding the physics undgrlying the phenomena.  The
relevant statistical propertics of such time serics ave normo-
11y contained by their autocovariance function and the power
spectrun. These are the most uscful interesting and impor-
tant propertics. The only ruquirement in their practical
comprtation is the cextonsivencss of the dala required for
highly precise estimates. This requirement is an inherent

chioracteristic of such random phenomena.

f.2. Mathematical nothogt?

We shall assumc that the rondom process 1s Gaussian.
This mcans that thu jointl probability Adistribution ol the

values at successive dinstoants of timc t19 t2, tj’ vy tn,

namcly X(tl), X(tz), X(ty),...,x(tn) ig n-dimensional normol
2

digtribution, This digtribution is completely detercnind by

the average

! - . Corr e
X(ti) = dve.iA(Li)

SN



and by the covarinnce

i

Cy 5 Cov {.X(ti), x(tj)~JL

i

e \ PIEREL
ave L [x(ty) = X(ty) J[A(ty) = K(e3)];
The autocovariance function with lag ¢ is given by

.1 /2
ClT) = 1im%F [ o) .x(te77)dt
T=>eo

-T/2
This mzy be reduced to the form

() = f‘m p(£).e 2T 4¢

wherc
1 T/2 :
-12 2
P(f) = lim — | J X(t).e Lemft dt |
and where P(f) describes the power spectrum of the random

process under consideration.

The relution exldbiting auvtocovariamce fuuction as the
Fouricr transform of thue powuer spectrum may he danverted to
express the power spectrum au the Fourler transform of the

autocovariance function.
Thus wt have

P(£) = of C(T).e TT yan

If we consider lhe real part of the solution, the relation

between P(f) and C(79) con more simply be cxpresscd as
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+co
C(T) = [ P(f) cos 2nf. Tdf ,
and
—+co .
P(f) = [ C(T) cos 2nfTdT

or perhaps oven mor. siuply ao onc-sided cosine Lransform,

viz.,
c(Cy = 2 [ o(r) cos 2nf df
O
and 4
P(f) = 2 ] C(C) cos 2n£a’C

0
The theoretical study ol sampliug variabillty 1s wuch

slinder in the caoe wl Lhe voldmates ol Lhe power speclruu
thaw 1u the casce of Lhe eetimates of the autocovariace

fuiiction.

¢

It Xt, tE=0, 1, 2,..., 1 arce the piven observations

which are treated ae cquidpaced, prewhiteniog ol thesce is

done by
Xt+l = Xt+l - 0.6 Kt (= Xt = Xt -~ 0.6 At»l)

This genvrally iuproves the spectrum cstinabte bocauou
the proewhitencd gpectra will be flattor and therofore luss

influcnced by the finitoncgs of the number of data polnts.
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The constant 0.6 is choscen because it works mormally well over

& wide range of circumstances.

This operation multiplies P(f) by

1.36 - 1.20 cos 21 f

a factor increasing from .16 to 2.56.

We calculate the mean laggoed products as following<

1l n-r _ _ 1l n _ 2
T n-r 1 t Tt n t=1 t ’
upto a carefully chosen value of r. rvis the percentage

of lags, generally kept at 5 or 10% of the total numbor of data

points N.

Here (1/n-r)is chosen to koep C,. bias free and occusionally

this results in ambiguous valuces.

The above is calculated with an adjustment for tho mean.
Further adjustment for any trond may be nccessary. Next, we
calculate the finite cosine scrics transform upto ' 'm ',

Thie choice of 'm' depends upon the fregqneucy scparation
between the adjacent estimatos of the power épectrum and is
thercfore guided by the amount of soparation considered accew-
ptable. 'm' should not normally exceed 5 to 10% of N. We
now calculate the finite cosine series transform of C;‘s

above,
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m~-1
V_=[C +2 &£ C_ cos (qrrn/m) + C_ cos(rn)]
r .0 1 4 m
d q_l
Ndw to these values certain carefully chosen windows
arc applicd for minimising the effects of having a finite
amount of data. Hanning is just a simple, but very uscful
window. Fig. 4.1 shows thc behaviour of this window. This
is used in order to make the main lobe in the spectral

b3

curvas prominent and to reduce the side lobes This

window is represented by

(1/2) (1 + cos nT/T )  for |77 < T
=0 for || > T
Wherc Tn is the maximum lag which we desire to keep.

o(T)

i

mn
m

The corresponding spectral window is also indicated in the

figure.

As a result of Hanning, we obtain cstimates of the power

spcectral density as

U, = (1/2)(vO + Vl)
Ur = (1/4) vr~l + (1/2) VI + (1/4) vr+l y

- 1 {r< ml
u, = (/2)v .+ (1/2)v .

3
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Spectral wirdow Lag window
1-0 1.2

08— - */R — -

04l -/ RN

0-8

b . I\ ol N
0-4 SET 0L 0 0% 12
m 0-02
T SIS RSy &
2%, of Deakxi \ \k\\ %
0 RS aS BRI N S20d 0
! AR
e b b bk_l_ _§_ NONY-0.02
0 0-50 1-00 1.50 2-00 2-50
tTm

Fig. 41. Lag window (Hanning) and its
corresponding spectral window.
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These can be corrccted for the prewhitening and the mean

by forming

n 1
[ ’ ] U
n-=m 1.36 -~ 1.20 cos 2n/6nm °
1

[ I Ju
1.36 - 1.20 cos 2rn/m
1
[ 1.36 = 1.20 cos(1l - 1/6m)2n ]Um ’

These will now be the smoothed estimates of the ™ power

! l<r<ml,

spcetral density M . P(f) . DBotimates wibth subscript r apply

to a fruquency near r/2nlcyc1us por obscrvabion.

L.3. Pilot analysis for choicc of % t (sumpling frequency

and m ( percentane Jag )

——r

Scintillation data fron 60-Orionis and S5l-Geminorum
colleccted on 22.12.1977 is subjected to mathematical rna-
lysis. A samplce of Lhe recording in respect of thuse two
stars is shown in Fig. /1.2, Thig data ig obtaincd through
a yellow filter. A schoenme of computation as shown in tablc
L.l is Tollowed. N, the total number ol points is varicd
first. TFor cach set of W., i, the percentage of lay is
vari.d. Threc different values of m are adopted. For thesoe
diffcrent W1° -ng r'i power spectral densitivs have leen
calculatcd according, to Lhe above formulac. While the
nature of the rousulting power spoectral density valucs has

buen the same throughoutl by showing o decrcase with incuasing
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TABLE ~ L ,1.

e

Case Datc Star N t T m/N
No.

(1) 250,'2500
1. 22/23.12.77 60-Orionis 2500 lms 2.5 zece (1i) 500/2500
(1i)) 750/2500
(1) 500/5000
2. 22/23.12.77 60-Orionis 5000 lms 5  su¢ (1i)1000/5000

(111)1500/5000
3. 22/23.12.77 60-Orionis 10000 1lms 10 SUC 2000/10000
e 22/23%.12.77 51-Gum 10000 10ms 100 suc 2000/10000

5. 22/23.12.77 51-Gum 10000 10ms 100 scc 500/10000
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frequency, thesc power spuctral deasitics are ploltod fTor
a particular combination as in casc No. % Ln the table.
This plot is as shown in Fig. 4.3.A. It 1y obscrved that
most of the power 1 congentrated within rolatively lower
frequency reglon. A simdlar plot as in Flg. 4.5.B. 1s drawn
for casv No. 4 in the tabhle, It dis noticed cven in Lhis
case that significant power licvs within relatively low {ro-
quency region. This has led to the sate cholcee ol 500 Hz and
1000 Hz for the saupling fraeguencics of ananlopy daba corrcg-

ponding to 2 ms and L ms for dnterdata gap in tine.

Inciwdentally the above plot in Pig. 4.3.B, shows
ambiguous powcr spectra for certain froquuencics.  IU nay bo
noted that this is an artifact of the couwputational process
and has buen causcd by the large value of me  With m as
5% ot N ( casu No. 5 in the table ) thu swme data is subjectod
to power spoctral analysis and its bog P(L) is drawn against
frequenmcy. This plot is showpn in Fig. L4.3.C. In this caswu
there is no ambiguity in vepgard to the values of power
spectral density. Huonce, il hag been waintainced throughout
in this study to keep N larpge and m at 5% only. .7 has boen
varicd from.cas¢ Lo casc to wtudy the fluctuations in sceiug
and scintillation as also atwosphceric turbuleuce parcmuebers

in differont froegquoncy regions.
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4.4h. Observing conditions al Kavalur

While the above gives us a brief pilot gurvey of thoe
seeing phenomenon at Kavalur on a quantitative basis, the
following provides a ciore detailed and claborate yualitative
studies of the phenonenon. A surmary of obscrving conditions
at Kavalur observator b5 stuates that nearly fifty percent of
nights on which obscrvations canm be wade have broon butter than
1.5 crc scconds. Arroug the southcern locations in India fron
which access to southurn skicg is pogmible, 1L ils suun bhat
the south-castern part ol the peninsulae ds relatively cloud
frec. This is ghown in Flg. 4.o4.  Bven during wongoovn wmouths,
20 clear mornings which is about 25 percent of the tine arc
available. During most of the year more than 50% of the

nornings arc cloud froc.

Best observing conditions arce in thoe wontlhis of Duccmber
to April when a highcer percentage of the nipghts is also
photounctric. Therce is some corrclation of sceeing with humi-
dity. Veéry pood soeuing ifs usuaily followed by a very lou
ground f@% that fillg in the valleys and ravinus around
Kavalur and scldom reachus the telescope that g located
20 meters above pground. Throo couponent layers apparcntly

contribute to sceing cflfeets in the tropics. These arc:

1. thermal offeets in the imaecdiate vicludity

of the tulescope,
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2. a layer, Lwo to three humdrod metr.:
hiph which is the prircipal contributor
and orcgruply depéndent,

3. a hiph level contrlibution which 4o 1 part

of the large-scale global circulation.

Obscrving conditions at Kavalur in terms of gpuctroscopic,
photometric and cluar nights ( in percentupge ) arce shown in

Table 4.2.

Table 4.3 shows the percintagc of observed nipghts with
differcent waluces of secing., Kavalur station is coupared with

other locations elsewhere in the world.

A sample plot of gecing evaluation during each nipght is
shown in Fig. 4.5. Turther a sample scet of histogr: s of Kavalur

sceing is prescoted dn FPig. .6,

L5, Trend reuoval From raw dota

With the background of the above pilot quantitative
analysis and elaboratc qualitative studicvs of svculng at
Kavalur, 1t is uvxpected that the following dotailed power
spectral analysis of scoinyg, scintillation and coherence
analysis between thesc two individual phenoncnon and atwnus-
pheric turbulence would provide wmore sound basis for a cloarcr
and definitc dnterprotation of the mechaulsus causing, the

observed optical dunapc distortions. The cuphasis has boon
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- The followiag table shows the percontage of ohscrved
nights with different values of sceing. Kavalur station
is comparzd with othcer locations cvlswhere in the world.

Percentrge of obsorved
Best nights with average soe- Total

Sceing  ing as ladicabod nwaber of
Location Obscrved 1.00  1.10  L.GH 2,01 ‘hents
to Lo chserved
1.5 2.0

Tololo, Chile o.70" 24 32 22 22 509
Junipero Serra, Chile 0.500 26 38 13 23 558
Kitt Pcak, Arizona 0.75" 15 20 16 39 253
Canary Islands 50 29 10 11 %8
San Pedro Martia 0.75% 15 25 17 L2 52
Flagstaff, Arizona 1.00" 1 5 29 65 80
Kavalur 0.50% 2h.7  30.4  23.4 21.6 795

ABLE - 4.3,
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Fig. 4-5. A sample plot of seeing evaluation during
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to study the data of a few sclected stars during certain

nights more intunsively.

It was suggusted by earlicr workers that if the data has
any tremnd, it is better the samc is removed before processing it
for computation of powcer spectral densities and coherence
values at different froquencics as otherwisce it is likely that

dicordant values for the later gquantitics be encountercd.

As such, when in fact, discordant values for cohcrence
rccurred déspitc scveral trials on differont stretches of
data, the naturce of the timc historics itsclf was examined
and some of them did hawve the characteristics of a certein
definite trend. Following the Y Ayerage slope method ' opiven
by Bendat and Piorsolqh as described below, the obscrved
trend in the data was removed. Power spectral deasitics
obtained from this trend-frec data weroe used to et coherence
values. This procedure is recommended by Blackman and Tukcy42

Onis and Enochson45 and nlso Ly L.ny othor workors.

Average Slope Mcthod: Let the original random record
be represented by

U(t) = U+ ag(t = T,/2) + x(t) 0<t<T

iy
(Tr is the record length duration)

where 6 denotes the saumple mean valuc of U(t) over (O,Tr),

the parameter a,. denotes the average slope of U(t) with

U

respect to t, and x(t) is the corrceted sauple rocord with
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zero mcan value and zero averagce slope. By ilaotegrating u(t)

over O toTr/Band subbracting from the intogral OVQPZTr/3

to Tp~ , onu can s0lve for ‘%ﬂ as follows.

( Summation being uquivalcnt of integration )
1 N

i v
Oyy = —~ [t U - ¢ u
u h\ﬁ{ﬁ"" ) n=Ne¥ n n=1 n ]

h = Interdata gap; Nh = T Y= Tr/3 (largest integer
‘ < N/3)
The change in the nature of raw data before and after

trend removal 1s shown for a couple of sample roecordings

in Flg. 4.7 and 4.8

4.6. Interpretation of autocorrelation functioas and power

spectral densitiovg In ruspeet of scuiug phonouchol

It is found, ou autocorrclation and power spoctral
anulyses ol stellar intensity fluctuations, that the pheno-
menon of secing is compoused of coupoucuts of diffcrunt
frequencies ranging upto 500 Hz or somceti.acs cven higher.
This is in kceping, with the work reported carlicr by

-

Protheroe (1955)%% and Mikus@ll ot al (1951) 20,

)

From data collccted from stars abt diftcerent zenith
distances and on diflcrent nights, it is obsceved that there
eriot distincet peaks al diffceront lage jn their " auto-

correlation vs. time lag " plots. Thu corrcspoading power
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spectral density plobs dudicate the clear existince of dond-

nant period componunbs.

The weather couditions at the ohscrvatory station during
thuse nights of obscrvation were mostly normal with a tendency
for humidity to incrcasc.and temperaturce to decreasu wiby tiuwe.
Sceing and transparcncy, judped gualitatively, werc fair.
Obgervations were talkoen in stondard B and V filtere. [figs.

L.9-a and B show typical records, autocorcclobiom plobs and

corresponding power sgpuctral densitics.

It is noticed that thoe power spectrum ol scoing indicates
variahlce naturce in its pattern, which way be ascribud wg duc .
to the variable nature of the atmosphoric turbulonce. Further,

it is found that change filters i.c., the offcet on wavelength

!
[

of light, of the turbulcncu, has boen miniual.

Fig. 4.10 shows the differcnt posilions of the l-ir opticzl
telescope while obscrving stars at differcnt zenith distances.
Analop data so colleciud was sawmpled, as mentloned ecarlicr,

at 500 Hz and 1000 Hgz.

To study the low fregaency compoeoncnts and also tolecp
down the computational time to o reaccnable limit, data
points at wvery 32 mo were taken. With N oas 1000 and n ag
5% and the intcrdata ap of 32 ms, it turns out that the
effective realizable froeguency region would lic withino

}jd

0 and 16 Hz as nece Hyowist criterion's for infucmation

saupling.,
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Their autocorrelation and power spuctral demsity plots
show many peaks whose periods and gpctral densitiovs vary
from experiment to experiment. Parts of the same rccord
have also buon sampled at 2 ws intervals, the analysis

yielding typical high-freguoency characteristics.

Appendix-~A gives computor program. {' Fortran-10 )
listings for plotting raw data, evaluating oormalised auto-
corrclation function, logarithus of powcr spcectral densities,
cohcrenct and phase angles. Also included is the listing

for actual plottimg ¢l these values.

Somc sample plots pertaining to atmospheric tuarbulcnce,
data for which was collectcd synchronously with sceing data
are shown in Appendix-B. This pertaimsto their nower spectral

densities.

An example of low-frcquency spoctrun in respect of the
seein@ phenomenon is shown in Fig. 4.11. The powcr spec-
tral dgnsity'plots indicate the presence of components of
frequencies from less than 1 Hz to 16 Hz. The individual
valucs varied on diffcronlt occasions, but sonc persistent peaks
e.g., at 1-2 Hz, 4-6 Hz and 10-12 Hz arv sccn. This ¥ shown

in fig. 4.12.7° The results arc summariscd in tablc 4oh.
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Power spectrum and coherence analysis of Kavalur seeing
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STUDY OF LOW-FREQUENCY COMPONENTS

Frcquency Log Powcr Spect-ral Density Rcmarks
(in Hz) (By arbitrary scale)
0.31 .13 -
0.62 Lo27 -
0.93 Lha32 Peak Region
2.5 Le26 -
3675 413 -
5.0 Lo22 Peak Region
6.25 4.19 -
7.0 4416 -
8.75 4419 -
1C6.0 L 17 -
11.56 4429 Puak Reglon
13.12 4.13% -
14.06 L4 .20 -
15.0 L.12 -
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A representative sample of high~frequency power spectra
is shown in Fig. 4.13. This depilcts power spectra from indi-
vidual ohservations idcentically amalysed. The summary of
results is wresentced in table 4.5, The presence of 50 Hz

and 150 Hz componcnts can be clearly scen.

The coincidence of the components at 50 Hz and 150 Hz
with the power line froegeemcy and its third hormonic causes
some doubt about its atmospheric orgin. This aspect has becn
studicd in depth and it has beem found that there arc amplc

indications in support of its non-instrumcntal generation.

In any detection system the recorded infiltration of
the power line fregqucncy vr it harmonics i1s directly related
t0 the gain introduced in the system. Measurcnunts taken in
these studies cover a wide range of star brightnesscs,whire differcn:
anmountg of amplifications had to be cmployed. IL the two above
ucntioncd frequoncics are of dnstruaental origin, there should
have becn a direct corrolationvof the spectral deusities with
the magnitude of the starf such an c¢ffect is not noticeablc
in thoe sample. In Fig. L.14 is shown the valuus of lop P(f)
at 50 Hz for a few stars of different brightncssces. The
naturv of variations indicates that the sources are not of

instruncntal origin.

Further, the dependence of the froquencics of sceing

phcnomenon with the zcenith distance of the stars has also
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STUDY OF HIGHER-FREQUENCY COMPONLNTS
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Frequency Log FPower Spoctral deunsity Remarks
(in Hz) (By arbitrary scale)
10 5.07 -
20 4.9% -
40 4.99 -
55 S lily Pcak Region
70 4.97 -
80 4.93 -
100 4.99 -
120 4.96 -
155 5.16 Peak Region
175 4.92 -
200 4.93 -
225 4.80 -
250 .93 -
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been studicd. If thcse disturbances arc of atmosphoric origin,
therc should be slight increasc of both 50 Hz and 150 Hz counpo-
nents in thelr amplitudes with sec 2. Fig. 4.15 shows log
P(f) plotted against sec Z for sccing data at the characte-

ristic frequency of 50 Hz, showing the expected ascent of the .P(f)vzl

Naxtlgi't is noticed also in the case of power spcctral analysis
of wind spced data collected simultancously with stellar
intecnsity fluctuations that there cxists similar pcaks with
significant cohercnces at specificed frequoncics. Additional
pcaks in the .spectral density curves ¢f gevdng porh.aps indic.te
variations dice to upper loyors of the atmogpherc. Thig

fiwpect hos Beon dinucnowd dn the fifth chaper.

4.72. Interprctatiom of rusults on normaligzed autocorrcl-ation
7 . MO

and powur spectral densities in respect of scimtillction

phenomenon

Studics of astronomical seeing have been bascd on varia-
tion of light dntonsity of a small rcpresentative patch
( 0.4 arc scc ) of the smearcd star image. In experimcnts of
astronomical photomctry, variations in the total light inton-
sity known as scintillation arc important. Thesc have boen
studied by Obtaining rcecords of stellar intensity fluctuations

through a diaphragn larger than the sceing disc.
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The autocorrclation and power spoctral deusity plots for
such data as obtaincd throu.h o diaphragm of 9 arc sec dia-
meter reveal characteristics of sciatillation. It is [ound
that there arce distinct puaks at spucificd lags sipnifying
presvace of sclected perlodicitics.  Correspondingly, there
ar< spectral deonsity peaks al appropriate fregquoncics.
Records taken for sturg at differcoent elevations indicate
variations in the power spectral curve. Fig. 4.16 shous
normalized autocorreli-tion and powcr spectral density plots
for low-frequincy rogion, upto 16 Hz. As in the casce of
sceing, therc¢ cxist in the cage of scintillation also dis-
tinct froeguencles at which power spectral densitics have a

large angnitude.

A comparative study is made of this phenomenon within
lower frequency region hetweon two analysed records and is
found that therce arce very clear low-freguency componcnts
recurring consistently in thesc ohscrvations. Thesce froguen-
ciez are found at-3.1 Hz, #.1% Hz, 13.46 Hz. Fig 4.17 shows
the comparative study made of the power spectral densgitics

within thoe low frequency repgion of the scintillation phenomenon.

A couplce®ofl sawmple records, normalirzed 'autocorrulotion
Vs. timc lag! plots and 'logarithwue of power spectral densi-
ties against froeguency' plots in respect of geintillation

phencnenon as pertaining to the higher frequency regilons
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are shown in Figs. 4.18A and B and 4.19A & B. Whilc there
exists lcss prominent peaks at sceveral specificd froquencics
within 250 Hz, it is found that the two distinct peaks around
50 Hz and 150 Hz ma-ke thelr appearance in studies sn scinti-
llation also. A similar comprehensive plot ofﬂLog P(f) Vs.

f is drawn, which indicatcs the same characteristics. This is
shown in Fig. 4.20 and the valucs of P(f) arc given in the

acconpanying tohle.

As therc cxist thusc two fregquency componcents in thesc
studics, a similar argumcnt is advanced in rerard to the care
to be taken while classifying these componcents as having been
caused by the intervening atmosphere between the star and the
telescopec. The doubl about the presence of the frequency of
a power line at 50 Hz and its third harmonic alt 150 Hgz is
dispelled by studying the valucs of P(f) for stars of diffe-
rent brightancsses as dunce before. Fip. 4.21 clearly shows
that the cause for such a behaviour can be other than the
power linc frequency. Fig. 4.22 indicates the variation
of P(f) for stars with diffcrunt zenith distances. This is
rather expected and suppurts further the noo-instrwscutal

origin of the two prcedominant froquency components.

Purther, when plots of power gpoetral densities Vs.
frequencies corrcsponding to turbulence at diffcrent levels

arc compared, there is found te bo an apprceclable degree of
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TABLE - 4,F,
STUDY OF HIGH-FREQUANCY COMPONINTS

Frequouncy Log Powcr Spect-ral Dunsity Romaorks

(in Hz) (Ry arbitraxy scalt:)
10 5.41 -
20 Selt3 -
30 5.43 -
40 5.42 -
50 5.53 Pcak Region
60 5.50 -
80 5.43 -
100 548 -
120 546 -
130 5.48 -
150 S5.48 -
155 5.61 Peak: Region
170 554 -
190 Se4l -
200 5438 -
220 544 -
230 5.46 -

250 545 -
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correlation amongst the physical processes taking place along
the height of the l-m telescope dome and in its vicinity. As
such, the effects of upper layers of atmospheric turbulence
(just above the tow lyingy atmosphere) on distortion of optical
images are expectud.

A sample curve of P(f) corrcsponding to stellar inton-
sity fluctuation and atmospheric turbulcence ( windspeed )
obtained through their simultancous study is shown in
Fig. 4.23. Apparently therce are specified frequemncies at
which there exist a fair degree of correlation between the

two quantities.

A dctailed mathematical discussion of the simultancous
study between sceing and turbulcnce and betwecen turbulence

valucs at different heights dis made in the following chapter.
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L.j. Weathcr conditions
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The weather and sky conditions prevailing at Kavalur

at the time of obscrvations are as indicated in the following

table.

TABLE—L}. - X?uA

TABLE SHOWING WEATHLR CONDITIONS BETwEEN 21ST AND

25TH MAY 1981, AT KAVALUR
(BETWEELN 1800 Hrs IST AND 130 Hrs IST)

Sle

No. Particulars 21/22 22/23 23/24 24/25 25/26
l. Transparency Good Good Fair Poor Goad
2. Seoing Faid Fair 21 - Goad
3+ Humidity 36% 36% 35%  L1% 50%
L. Tempcrature 21%  31°%  31%  31.5% 30%
5. Spectroscopic hours 8 8 4 L &

6. Photometric hRours L 4 0 0 2

7. Rcmarks Nil Nil Ovércast Passing Nil

Clouds




TABLE SHOWING WEATHER ."ONDITIONS BLTWEEN

21STAND 25TH MAY 1681 AT KAVALUR

(BETWEEN 21 Hrs IST & 2400 Hrs IST)

e Particulars  21/22 22/23 23/24 24/25  25/26
1. Transparency Good Good Overcast Poor -
2. Seving Good Good - a" -
3. Humidity 38%  38% 50%  L5% -
L. Temperaturc 30°%  30% 29°¢  30°%C -
5. Spcctroscopic heours 8 8 L L 8
6. Photometric hours 4 L4 0 0 2
7. Remarks Nil Nil Overcast Passing -

Clouds

150
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TABLE=4 +e74C

TABLE SHOWING WEATIER CONDITIONS BETWEEN
21ST AND 25TH MAY 1981 AT KAVALUR

(BETWEEN 2400 HRS IST TO 0300 HRS IST)

Sl.

No. Particulars 21/22 22/23 23/24h 24725 25/26
1. Transprecncy Fair Fair Overcast Poor -

2. Secing Good Good - - -
3, Humidity 55% 55% 55% 51% -
4. Temperature 28°c  28°c 28%¢ 29 -
5. Spcctroscopic hours 8 8 L L 8
6. Photometric hours L 4 0 0 2
7?7y Remarks Nil Nil Overcast Passing -

Cloud

- ——



TABLE - L. %.D

TABLE SHOWING WEATHER CONDITIONS BETWEEN

21ST AND 25TH MAY 1981 AT KAVALUR

(BETWLEN 0300 HRS IST AND 0600 HRS IST)

S1.

No. Particulars 21/22 22/23 23/24 24/25 25/26
1. Transparency Good Gooa Fair Fair -
2. Seeling Fair Fair 3n i -
3. Bumidity 78% 78% 57% 65% -
4+ Temperature 26°c  26°c 27°%c  27% -
5. Spectroscopic hours 8 8 Ly Y 8
&. Photometric hours L In 0 0 2
7. Remarks Nil Nil Overcast Passing -

Cloud

152
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CHAPTER V

COHERENCE ANALYSLS

5.1. Introduction

On subjecting a pair of time series, stellar intensity
fluctuations and one of the atmospheric turbulence parameters
( either wind speed or atmospheric temperature ), to spectral
coherence analysis, the values for coherence and phase diffe-
rence between various Fourier components of the two fluctuating
paramcters were obtained. The mathematical method followed
for evaluating cohercnce and phase anglc is as origlnally
formulated by N.R. Goodman. In recent literaturc, many forms
of the formulae are found I14,45,47 . The method outlined in

46

Goodman's paper is followed in the precsent work. The cohe-
rence between the stellar intensity fluctuation and turbulence

fluctuation is bricfly discussed below.

5.2 Mathenatical method

We have synchronous time histories of datla pertaining to
astronomical seeing and atmospheric turbulence. Let us desi-
gnate them S and T respectively. Their power spectra as defi-
ned in chapter IV will be Ps(f) and PT(f) wvhich represent the

spectral densities of the two elcments at any given frequencyf,
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Let us now define the cross-spectrum P§T<f) as

oo .
_ . — 2nif T
Pg(f) = ;£ Cio(T) & 4T

which is Fourier transform of the cross-correlation function

t) . Generally the function P (f) is a complex quan-

Cor! ST

tity and can be reprcsented by

PST(f) = RST(f) + i SST(f)

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 guadrature spectrum.

The cross-correlation function CST(Tﬁ is composcd of

two parts, viz., the even part

1 +T/2 N
Coo(M) = lim 5z [ [S(£).T(t+7) + S(++1).T(¢)]at
~T/2
T -> o
and the odd part
- L FT/2 _
Cor(f) = 1linm 7= [ [S(t).T(t+?) - S(t+¢).T(t) Jdt
ST 2T "1/2
T -> o

It can be shown that the finite cosine and sine scries trans-

forms given by

“+oo
—_ ) "\+ ’ p "D
RST(f) = LST( r').cos 2rfT d

=0
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and
£) = f’mc“ () sin 2nfTd T
SST( = g7 ¢ sin

—C0
and known as co-spectrum and quadrature spectrum contain the

basic interrelation between the two series.

The gquantity defined by
(f) + S

[T st (0 /2

L f
M e )

is known as the " coherence " and is a measure of the c¢cross-

correlation between the Fourler components of the two variables,

The gquantity
Sgr (f)

ReT (f)

gives the phase difforence between them for the frequency bhand

e(f) = arc tan [

centered around f.

Errors in the determination of these two quantitics owing
to _ finite length of data can be calculated in terms of
%

equivalent degrees of freedom. Xor the phase angle 6(f)

the error is given by

RLRCEAPLENERE

AB(f) = arc sin
r?(£)

where k is the degrees of frecdom as defined by Blackman and

Tukey (1959)42. An approximate expression AT(f) as given hy
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the analysis of Van Isacker (1961)48, is

HP(f) 5
T(f) = m——— () + 1]

P(f)

1/2

whereékP(f) is the probable error of one of the associated
spectra. The expression is valid provided the valuec of r(f)

is not too small.

5.3 Installation of micrometeorological sensors

As mentioned earlicr, data omn both astronomical sesing
and atmospheric turbulence is collectced simultancously, not
only to study the power spectra of the individual ifime histories,
but also to study the coherence between the two prucesses.
Further, coherence in atmospheric turbulence amongst different
layers rigo has been investipated, particularly in regard to
wind s,ed data. In light of gnigs schwne oF nholyuis, philips
7-chiannel analog tape recorder is fed with inputs from PMT
star glgnal amplificr and several micromeleorole;lcend sensors
installed in differont directions and heights. The net- work
of instsllation of these seonsors is clearly shown 1n

Figs. 5.2 to 5.5,

Fig. 5.1 shows the telescope pointed at an object about
450 pogition. The telescope is traincd at differdnt stars,
scaenning the sky and thus covering a rangc of zepith distances

and stellar magnitudes.
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Fig.51. 1-m optical telescope pointed al an
obiect ai medium hour angle position.



Fig.5.2. VYiew of o hot-wire sensor installed
at the dome i@liﬁﬂheight (approximately
23 meters ) when star signals were
collecled simultaneously with that of

windspeed.



Fig.53.

An amray of hot-wire sensors
projected out at the cat-walk
height.{ approximately 17 meters)
of the 1-m telescope dome.
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Fig. 5.4. View of the thermocouple
installed at the cat-walk height

{opproximately 17 meters) of the
i.m telescope dome.
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Fig. 5.5. View of hot-wire sensors
insialied outside of the dome.
one at the cat-watk height
and the other atthe next lower
floor ( approximately 14 meters).
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In Fig. 5.2 1s shown a hot-wire anemometer sensor that is
installed from the dome slit. Much of mechanical engincering
effort has been put in vhile installing the sensor at this
location and a similar one atop the dome itself at a height
of nearly 80 ft. Extreme care has been exercised while rotating
the dome, opening and closing the dome slit when at tbhe same

time handling the long tables trailing from different sensors.

Where=~ver lon;, cables have been used, zero suppression
has been eifected with the DISA hot-wirc anemometer elcctronics

in order to nullify the effects of thcese long cables.

Fig. 5.3 shows an array of micrometeorological sensors
for recording wind specd and temperaturc fluctuations as
obtained at the cat walk height ( about 17 meters ) and in
differc¢nt directions. The long rods holding the scnsor probes
arc rigidly clvwpod to the cat walk railings using C-clamps.
The depth through which these rods has beern projcecctcd from
outside the cat walk railing can be varied utilising the length
of the rods. All the signals coming from differcnt trans-—
ducers haverbeen continously monitored at the time of recording
50 that appropriate gain settings and other nccessary adjust-
‘ments of the sensors can be made. TL¢ ianst.dl-tio. ocl.oie of

rctoorological sunsors for turbulence measurencents is as shown

in Fig.5.6. Monitering =nd recording of the various signnls

are as shown in Fig.5.7.
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5.4 Interrelations: Sceing Vs. Wind spced

In the example of the last chapter, it was clear that
intcerrelations exist between the fluctuating phenomona  of
secing and . turbulence ( wind specd variations ). It is also
noticed that the spectral density curves have an over all pattern
which show somc similarity in regpect of the existence of

density peaks at selected frequencics.

In order to examince the extent of such rclationship, the
mathematical method descrlbed above was followed and ' cohercnce M
and " phesc angle " at diffcront frequencies were arrived at.

To avoid rapid fluctuations of computced valucs of by
integrals of 2 radians which arise din the computational
process, the absolute nagnitude’® at different frequencies
have becen plotted in the diagrams. Indecd,; the plots of cohe-
renc¢ and phase éngle in the particular casc shown in Fig. L .23
in the last chapter arc given in Fig.5.8,5.9.In order to be
sur - that some physical mechanism is responsible for both
phenomena, several other simultancous recordings have baeen
analysed. V%ﬁéée are shown in Figs. .- . In all cases
it is noticed that promincnt density neaks which appuar at
preferrcd frequcncies have high cohercnces. The phase diffe-
rence bpetween the respoctive Fourder components have steady
values ncar thesc cohcerence peaks, signifying physical relutions

betwecn the two paramctors.
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Coherence analysis of Kavalur
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Therc arc some density maxima in S8 curves without corres-
ponding featurcs in the T curves; it may be ncoticed that the
coherence plots in these cases indicate poor interre¢lation. As
the seeing phenomenon is the integrated effect of several layers
of our atmosphere, they may not always have correspondence at
all layers. Such features may not be totally uncxpected.

The conncction between the wind speed fluctuations at
different levels to the corresponding scoing fluctuations can

be briefly summarised as followse.

Different spi*t mcecasurements have heen utiliscd by employing
different types of instruments. Fig. 5212 shows the record
obtained by a2 cup ancmometer as comparcd with that obtained by
a hot-wire anemcmetcr. The cup ancmometer was placcd at the
top of the dome which mcasured the wind speed variations in the
layers through wvich the stellar beam would have to pass. The
hot wire anemometer at thc observer's level rccords the varia-
tions immediatcely below this layer. Although the two records dohot
hewd  much similarity bhecausc of enormous differcences in their
frequency response chagacteristics their spectral density
curves bring out the correspondence very clearly. This can be
seen in Fig. $.13. The two spectral curves are remarkably simi-
lar in nature although the higher instrument has reccorded certain
peaks which are a@iffercent from those of the lower instrument.

The peaks are slightly shiftcd in the higher curve.
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Comparison with corrcesponding secing fluctuations with
higher curve has better correspondence than with the lower
curve. This indicates that upper layers have more important
role to play in seeing fluctuations. Coherence anmlysis
also confirms this aspect. Fig.5.14 shows coherence between
the two wind speed data scories as obtoined from the higher

and lower instruments.

5.5. Interrclations: Sceing Vs Tempcrature

A comparative stu’y can be made of the characteristic
spectral featurvs of sceing and tomparaturce fluctuations
with thc help of Fig.5.1%. The data as obtainced from
thermistor installed at catwalk hoight is shown here. There
is a remarkublc colrcespondence between the two processes.

As mentioncd earlicr, a detailed cohercnce analysis between
the two processes is made using temparaturce data as collected
from more scnsitive Cr-Al thermocouple, specially to study
the features within the low-froeguency region. The detaills

of the rocords arc shown in Fijs.5.16 to 5,19, Figs.5.17

and 5.18 show the spectral charactristic of scveing and
temperature fluctuations. It is clearly noticced that there
exist distinct peaks within frcequoncy bands centring around
frequencics 7.5 Hz, 10.0 Hz, 22.5 Hz, 30.0 Hz. Fig.5.19
brings out tho cohorence between the two time sceries muceh

morc clecarly. There cxist a rood measurc of coherence at
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Coherence function vs. Frequency

Coherence between W and W of Turbulence

Exercise No. NNN 7 Scale: X-Axis1l-bcms = 8§ .
o units
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Fig.5 .16 A simultaneous record of scintillation
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Normalized Autocorrelation-Star

Log P(F) -Star

1717

Power spectrum and Coherence analysis of Kavalur Seeing.
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Log P(F)-Temp
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Power spectrum and Coherence analysis of Kavalur turbulence.

Exercise No. NST 1 Scale: X-Axis 1:5¢cms =5 )
units
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Fig. 5.18.
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Power spectrum and Coherence analysis of Kavalur seeing
and turbulence.

o . .
N_ Exercise No. NST 1 Scale: X -Axis 1:5cms =5 units
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Fig .5.19.
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these frequencics and the values of phasce angle arce stoad»

in these frequency bandse This indicates that there exist
rhysical relations betwven the t.uo processcs to an appreciable
extent. Yot another sect of records has been presented.for
highlighting a similar result. These are shown in Figs.5.20,5.21
5.22 and 5.2%. In this case the power spectural density

curves of the two processes are shown in the Figs.5.18 and

5.19. Craraesteristic pecks are exhibited at specific frequem-

¢les such as 12.5 Hz, 15 Hz and 25 Hz.

The coherence value at these frequencies are quil® high
as shown in Fig.5.2%. The phase angles at these frequencies
are once again found to be qui:% steady thus establishing
the existence of physical relationship between the two

fluctuating phenomena.

5.6« Interrclations: amongsﬂ@iffereyt turbulent layers

With data of turbulence collected as shown in the
Iigur§ from.different heights, similar power spectral and
coherence analysfis amongst them have been carried out to
find the erigternce ~7 i bL_oorelatlonebips within the loayers
of the stratified struture of the¢ low-lying atmosphere.
The results are given in Figs.5.24 to 5.34. It is seen
that close relations oxist betwcen fluctuation’at two

levels near the ground, wiich suggests that not much error



Fig.5.20. A simultaneous record of seeing

and ‘temperature fluctuations.
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Power spectrum and Coherence analysis of Kavalur seeing
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Power spectrum and Coherence analysis of Kavalur turbulence.

Exercise No. NST 2 Scale :

X -Axis 1-5cms =5
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Power spectrum and Coherence analysis of Kavalur seeing
and turbulence.

Exercise No. NST 2 Scale: X-Axis 1-5c¢cms =5

S units
- Y-Axis 1-5¢cms =0-20
o
o
X
3 X
o] X
X
(=]
@
o
J(X N X )
x X X X
o X X X X
i X x X
o X X X X X
x X *ox x x X X X
X X X
o X * X X
N X X
R
XX X
X

o
o
o i 1 1 T i [ 4 1 1 |

3-1 6-2 93 12.5 15-6 18-7 21-8  25-0  28-1 31-2

Frequency (Hz)
o Exercise No. NST 2 Scale | X-Axis 1-5¢cms =5 ;
o units
Q. Y-Axis 1-5cms =800
o™
[=]
o
o X x X ox g oxtx X X
27 *x x X e X X X ) x oy X )
X X X X x
8 ) « X X X ) X
S X x .
X X x x X
X

o X
o X
o T« I 1 1 I I [ 1 [ 1

31 62 9-3 12-5  15-6 18-7  21-8 250  28-1 31-2

Frequency (Hz)

Fig. 5.23.



185

\mm 'S|aA2| JU2J2}}IP OM} }D suopnpNi}
VIVad @I7dS aNIi M m.w p2ads puim jo plodal SnoaUDYNWIS ¥ 7Z'G gil 4
3
5
, o
| ( :
| " Y &
ég\é,ié é%g \/ ,\é}z{% iﬁg} A\
VIVAd @dIdS aQHI# o g
51 3
~ B 3
S8

(



Normalized Autocorrelation- Wind

Log P (F)-Wind

1. 00
§

1

0-80

I

0;20 Ol-LO 0-60

- 00

0-20

186
Normalized autocorrelation vs. Time lag

At mospheric Turbulence
Exercise No. NNN 8 Scale: X-Axis 1:5ems =5 nits
Y-Axis 1-5cms =0-20
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Normalized autocorrelation vs. Time lag

Atmospheric turbulence
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Coherence function vs. Frequency
Coherence between W and W of turbulence
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Log P(F)- Wind
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Normalized autocorrelation vs. Time lag
Atmospheric turbulence
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Normalized Autocorrelation-Wind

Normalized autocorretation vs. Time lag 190

Atmospheric turbulence
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Phase Difference

Coherence function vs. Frequency
Coherence -between W and W of turbulence
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Normalized Autocorrelation-Wind

LogP(F) - Wind

Normalized autocorrelation vs. Time lag
Atmospheric turbulence

o
ke Exercise No. NNN 5 Scale: X-Axis 15cms =5 (pits
Y-Axis 1-5cms =0-40
@
2
3
8
o
~3
o
2
% 10 20 30 40 5b §0 70 80 90 100
Time lag (ms)
Log of power spectral density vs. Frequency
Atmospheric turbulence
s Exercise No. NNN 5 Scale: X-Axis 15cms =5 units
o] | Y-Axis 1-5cms =0-40
2 Catwalk height
2 |
3
8.
2
: 1 I ~ 1 I 1 | 1
0 25 50 75 100 125 150 175 200 235 250

Frequency (Hz)
Fig.5.32.



Normalized Autocorrelation - Wind

Log P(F) -Wind

Normalized autocorrelation vs Time-lag 194
Atmospheric turbulence
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Coherence function vs. Frequency
Coherence belween W and W of Turbulence
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is introduced when spot samples of atmospheric data are con-
sidcred as representative patterns of the adjacent layers.
From this, it is possible to say that the interrelationship
might extend. to greater héights in different degrecs which

may cause corresponding distortions in the incoming light waves

towardn the ground-based optical tclescope.

As mentioned carlicr, secing, and s«intillation. pheno-
mena are due to moving refractisf in-lhionopoxeltics in our
atmosphere, Depending on the atmospheric conditions the
sizes and movements of these irregularitics are dy . "0
across the stellar heam. By physical couxections, fhey
are expected tc he correlated with each other. The present
studies, although not extensive, have shown that quantitative

relations do exist between them.
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SUMMARY

In this thesis the physics of the seeing phenomern oy
has been discussed and its relationship with the atmospheric
turbulence has been shown. The work done in the brat I
understanding this problem has been presented. The ins+t ey
ments employed in this investgation are described in detai.
Further the mathematical methods adopted for analysing +he
diita collected at Kavalur observatory are described. The

resulty of such analynes of puwer spectral dégities andg
I3

coherence have been highlighted.

The present work has been an earnest attenpt to study
the problem of astronomical seeing at Kavalur on a quanti-
tative bagis utilising all the data avallable in the
ubservatory pertaining to this problem. In a way, it can
be a very eftfective technique for remote sensing of clenr
air turbulence in the troposphere and studying the lay exr
structire of the atmosphere, that might eventually ai d 3Iin
properly chousing the type of astronomical observationz=l

PrOLranmes .«

A wide range of instruments may be employed towarads
the acquisition of the came kind of data as, for exampPle,
. . ’ ~ta
photographic, interferometric and simulation methods - The 4

; in
Ay . sutjected to onck an analysis, for the unders t&rding

> . - _:~e
ol the physicnl processes responsible for optical 1m&Ee
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distortions observed in the trlescopes used in astronomic 1
g a

studies.

This investigation has an added importance iu that the
salie has been carried out at a low-latitude station thus

fulfilling, to a measure, a major lacuna in this field of

work.

The methods employed in this work may be useful in
future intensive investigations on star intensity fluctuations.
Through such powerful methods, cptical properties of the
atmogphere may be obtained, which in turn, can be made use
of, for practical astronomical work, as well as studies of

the micro structure of the atmosphere.

Although the ultimate choice of location ef a tel eéscope
depends upon the use to which it is put, due consideraation
and attentiuon are always paid to the seeing quality of the
locution and how this effects the image structure iga the
focal plane of the telescopg. With the advent of high
regolution detector matrices,these studles huve grhx2 ced
importonce iu procoent times and their use for advanced
astronomical image processing work. Hitherto unattadirnable
fineness of measurements have been achieved by compurrt exr
processing of speckle imageslLy +-"Fhese techniques of £fexr to

an astronmomer very powerful tools in their researche s =
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By simuldtion studies in the laboratory, improvemehts
over instrumentation and theoretical models may be undertaken.,
In fact, with the advent of lasers '_50 : a wide range of use-
ful experiments may be performed. The present studies may
help in fulfilling a very necessary objective of understanding
the chief causes for optical image distor*ions and appPlying
appropriate corrective measures for overcoming the same o

Thipn work attempts to provide useful experimental
techniques and procedures for data analysis towards undexr-—

standing of the physical processes in such phenomenaa
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Program for retrieval of data,
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APPENDIX A-2

Program for plotting raw data.
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APPENDIX A-3 202

Program for evaluating power spectral densities
and coherence values,

DIMENRION ARGG(51)

DIMEOSION IRCL1O24),TAC2048)

UTMENSION SC1024),84(4900),AC8(51),PSSC(51),PESH(51),PSSF(51),
TRLPSSF(51) ,ACSH(S1) ,W(L024) , WA (LU0G) ,ACH(51),ACHN(S1),PSWC(51),
IPSWH(S1) ,0SWF(51),ALPSWF(R1),CCaup(5L),C8SWC(51),C88wH(51),
1CSSKF(51),COSKHN(5]1),Q880C(51),RSSWH(S1),058WF (51),COHN(EL),
LCOHD(51),COH(S1)

DO 56656 JKJ=1,51
ARGG(JIKJI=0 0

KARGG=Y
OPEN(UNTIT=Y,FILK='PLOTER,DATY , ACCESS=APPEND!)
ACCHPT 9994, TSN
FPRITE(L,87654) IEXE
FORMATC(!'EXRRCISE 20, ',A5)
PRIMT 77,IEXE
FORMAT(LX, 89X, VEXRRCTISE N0 U, RA5/59%X,15('=1)//)
CLOSECUNTIT=S1)

ACCRPT *,0LSKIP

FORMAT(AS)
IF(NSKIPLEQ.IIGOTN 7856

D0 SE55 Ki=t,MNSKIP
EDAD(25,202)8

CONTIHUE

CONTINUR

FORMAT(12F6,.0)
RTAD(25,2022)8

CALT, TREMD(S)
READ(25,202)N

KEAD(Z2S5,202)W
RRAN(RE,202)
READ(25,202)W

D0 393 LA=1,1024
WOLAY==W(LA)

PRINT 2062, (W (LL) , LL=L, 1)
CALI. TREKND(W)

CORTINUE

PRTHY 45,(8(1),I=1,29)

PRINT 74

FORr¥YAT (/727)

Wl=1a01

Mzb =1

NH=2J

MME=1GY /7N

M=K/t

EEERES

DFELT=32.u

In=y

PI=3.1415%8

DO 8 I=1,H
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QN2 FURMAT‘(//,;?(‘X"Ai”‘\]}'k;’\(‘;’m IIF pSSH;",["i:‘;.S)
PRTLT 74
E’iSSF(l):F’SSH(L)*H/((}3-}\'\)*(1.36‘1.?*Cnﬁc;‘{.*pl/ce)*;_%

L';S:‘:_p‘(:li):PSSH(m;)/(l_35-1_;2*(1(1;5((_1-(1,/(6*;“]) *2*53;;
BO 13 Tk=2,n - 1

13 PSSF(TN)szSn(IH)/Cl.36'1.2*C05((2.*(1R-1)*p13,»c:a*bq}
PRIST 14, N, M6, DRLT )
L EORSATOIH2, 50K, BOaER SPECYRUKY//Z/, 0 Wil OF POT tia
LyI57,0 DRELTY,,Pb5.2) :
PET'T 15, (PSSF(I), I=1,ml)

rlB/Y PFONTGE!

15 FORYAT (L# ,10813.5)
PRLT )6

o FORYAY (59X, 'LUGP (V) VaLURS'/59%,15¢21Y//)
L 17 TR=t, by
IF (PESFOIR) JGT, ©.0) ALFSBE(IP)=ALOGLIC (PSAF C X ke Y )

17 COMTINUE

OGP (L I=L FTLE= PLOTER J DAY  ACCRSS='APPELD ¥ 3

ARITHCL,28) CATPSSFOIR) , IR=1,MmY)
CLOSECUNTT=])

PRI T 28, (ALPSSF (IR),IR=1, ML)

PRI T4

LGt Ist,N

1 & (I)=w(I+ID) =0, (1)

PRIN® 15, (W(I),I=),2u)

BLeLo 74

PETAT 18, (AW (T), Is, 200

FRTin T4

BV=i o

L 19 1=1,hL

19 AVesa (1)Y+AV
BV w=p Vi /1
AV VR AVYH
Frivo 16,V
PETOT T
ACKL(LY=00
0 2y IT=1,4 ,

i AT (L) SACHT(I) A (IR D)
ACW(LI=ACH (WY /bW
PRLC(L)=u,u
poo2L T=2,M1
Aln(I)=8,20
Ti="lil=]

REH K
LU 22 =TT

27 ACWCT)SACHLI) 4wt () % (Wek)
ACOw (LI=SACW(I)/L1=AVY '

71 PA»CLLYSPSWCUL)HACY (T) #%

76 I=1,01L
TH ACKW-(I)=hCW(TI)/ACH(L)



205

OPEM(UHIT=L , FILES ' PLOTRER,, DAY , ACCESS= ' ARPELR )
WPITECL, 38) (ACKH(I), I=5,41)
CLUOSE(URIT=1)
PRIBT 15, (ACW(I),I=1,M1)
PRIT 74
PRIMT 45, (ACWH(I),I=1,M1)
PEINT 74
PSWC(LISPRUC(LIVACH (1) =ACK (ML)
DN 23 1I=2,ML
PSwC(I)=u.¢
DN 24 J=2,H
4 PSWC(I)=PSkCIIID ,u*ACh G+ TN (JImi )R (Tm L) ¥ P /M)
PSWCCL)=PARCCI)+ACH (L) +ACH LY LJRCHS CC1=4)%P )
PRINT 15, (PSKCCI),I=1,H1)
PRINT 74
PSWH(L)=(PSHQUI)I+PSHC(2))/2.4
FESWH(P1)YS(PSWCCH)+PSUCMI)I/ 2.0
O 25 IR=2,M
25 PSUH(IRI=PSUC(IR=1)/4,0tP8WC(TIR)/2.04PSWC(TR+1)/4,0
FRIIT 15,(PSAaHCT), I=1,11)
AVPSHH=G N
DO 943 II=1,M1
963 AVPSWH=AYPSWHAPSWH(TT)
AVPSWH=AVPSWH/ ]
ErINT 904, RVPSVH
3044 FORMATC(// 20X, VAWEVERAGE OF PSWH=!,F13,5)
PRINT 74
PRINY 74
PAWFOL)SPSWHOLY R/ ( (=M% (1.36=1.2%C0S(2,%FT/(6%M))))
PSLF(HL)SPIWH(NL) /(1. 36=4.2%C0ST1=(1./7Caxn)))¥2%pPI))
DO 26 IR=2, M
26 PRWF(IRISPSWHOIR)/(1.36=1,2 005 ( (2,4 (IR=1)1*PI)/(2%M)))
PRINT 27,1, NN, PELT
27 FORVUAT(IHZ, 59X, POWER SPRECTKUMY///,0 NO OF PAINTS',15/,!'PRCATGE!,
v I5/,' DELTY,F%,2)
FRIHT 28, (PSWF(L),I=1,Ml
26 FORMAT (1H ,121013,.5)
PRINT 29
29 FORMAT(H9X,! LUOGECF) VALUES'/59X,I%C1=13//)
no 3¢ Ik=t, N}
IF (PSWF(IR) JGT. 6.0 1 ALPSWF(IRI=ALOGLG(PSWF(IR))
3¢ COHTINUFR ‘
PRINT 28, (ALPSWF(IR),IK=4,e0)
OPFH(UNIT=L, FILE= ' PLOTEE, AT, ACCESS= VAPPEND )
ARITE(L,28) CALPSUHE(TF)Y, Ik=1,11)
CLUSE(UMNIT=1)
PRIKT 74
AVSC=0,0
- DO 31 I=L,N
31 AVSC=SW(I)+AVSC

[T A ]
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35

34

37
36

AVSC=AVEC/H

AVHC=0, 7

Do 32 1=1,H

AVHCEWW (I)+AVAC

AVWC=AVHC/N

AVSUSAVRCXAVWC

PRINT 1S5, AVSW

PRINT 74

CCSWP(1)=0,0

DO 33 I=t,N

COSHP (JI=CCSHWP (L) 48U (T WU (TI+SU (L) AW (T)

CCSYP (1)=CCEWP (1) /iimAVE A

CSSuC(1)=0,u

DN 34 1=2,M1

COREP(I)=y, 0

Ii=1i=-1

KzIwi

poo3s J=I,n

COCSUP(II=CCSWP (L) 4+8W (JY Wb (=i )48 (Jmk YR ()

CCSWP(I)=CCEWP (I)/1L{~AVSY

WCRSHC(L)SCRANC (L) +CCsup (T )%D

PRIGT 15, (CCAWP(II),I1T=1,HL)

PRINT 74

CHSHCCLI=CHEIWC (L) +CCSHE L) ~QCHBWP (1Y)

DO 36 I=2,M4

CHSWC(I)=t, 0

DY 37 JU=% o B
CSEWOIINI=CSSUCTT)+2, 0FCCBUR (JY¥CORC (Jm )% (T~1Y%PI/ M)

CSSHC(I)=CESHUCII)+CC8HWP (L) 4+CCSWP LI ®CUS((I=1)1%PI)
PRINT 15, (CSSHCCIIY,TISL,H1)

PRINT 74

CSSWH(L1)=(CS8uC(L)+CRSWC(2Y) /2.8

COSHWHLML I ={CARSNC () +CEBACINLIYIYI/2,0

PN 38 In=2,M
CSEWH(TRI=CRSUI(IR=1) /1o O+CREWC(IR)IZ2,0+CSIVCCIR+1) /4,0
PRINT 18, (CSSYUHCIR) , IRSL, 1)

PRIIT T4
CSSWF (L) =CE3WHUL) AN/ ( (=) ¥ (1,361, 2KCOS(2,*¥PI/ (64M))
COSHF (ML) =CS3WHOMLY /(Lo 36=1 J2%COEC (L =(1,/(6EXM)) )X2XPT
Do 39 IP=2,M

1)
2]

39 CSSHF(iRJ=CSSWH(IR)/(1-36-1.Z*CDS((2.*(IR-1)*PI)/C2*M)))

FRINT 4d, (CHEWFCTY,T=1,51)

40 FOFMATCOLH <, 102E13 5

43

PRINT 74
CCeVM(1)=0,0
DO 43 I=),R
CCSYUN(1)=CCSWN L) +SWI)*Ww (L) =8 (I )#uW(T)
CCSYu{1)mCCSWN (L) /M=AVSE

COSHEN(L)=0,1
Us8uCl1)=0,.0
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&h

A4

Lo 44 I=
COSWL(I)
Ii=ti=1
R DY
N0 48 Js I M
CCyv ()= CC;wh(I)+Sn(d7*;W(d w«KYmSU (=K ) FUE ()
COSUWl(I)=CCSWH(I)/T1=AVSN
QES5LCLI=REFAC (I +CaS (L) 42
PRINT 15, (CCSUR(I),T=1,11)
BETAT 71
GSSWCLI=OSSKE (1) +COSYN (1) =CO8WH (1)
CESHC(L)=N 0
PO 4e 1=%, Nl
USSuC(I)=0,.0
bl AT =7 ,1
LSSHO(I)=ASSAC (T +2 HFCCRRN I ¥STH ((Jo1) % (I=1) R P2 T /)
(;.15«(‘(1)—0‘“;%0(‘(1)+(‘(‘S\' ML)+ CCBWHEHII*SIN((I=1) %, > T b
PETHY 15, (QS&wWC(IT),ITRL,wl)
PRETHT 7%
Unb HOLY=(OSSUC (L) +088W0(2)) /2.0
15S#H(H1YI=(QS ISHC M) $GBESCIMI) ) /24
hr LE THR=2,M
WHSHB (I = OSS»C(I”-!)/4 DHOSEWC(IRYI/ZZ 0+QSSHCC I R+ 13/4,0
PRI 16, (USSKHCIR),TRSY,M1)
}RI”T 74
N8H%wF(1)= Qud;H(l)*n/((N-M)*(l.36~1.2*CGSC2.*F>IL/ CS*M¥))))
CSSWF(11)= SSxdcmi)/(l-Btw}.E*CDS((1'(1./(6*bi) J ) *2*PI))
DO 44 Th=2,4
CESHE (IR)=0SEWHITRY /(14361  2¥QUS (2, ¥ (IR=1)* B L I /(2*8)))
PEINT Su, (Q8SSF(LI),1I=1,n1)

2,M1
=G, 0

8% FORCZTOIH ,1013.5)

PETT TY
o 51 I=1, M1
COMG(I)=SORT(CSSWH(T)*CEEwH (I)+0S8WH (T)I*QSSkn ¢ L D I
T=PSEN(TYI*PSan(T)
IF (1) 52,53,54
COHMCI)=S=SGPT(~T)
GO TO 51
COub(1)=1l.6
G0 TG 51
CRup (1)=80RTCT)
Con(l)= FOHYCI)/(UtD(IJ
PRINT 55, (COHHCIL),TI=1,n1)
poIsT 74
EPRINT 55,(CUHCI),I=1,M13 '3
OPEH(HHIT=1,FILJ='PLOTER.DAT’,ACCMSS=‘APPEH13
WRITE(L,38)CCOHCT) , I=1,0)
CLOSE (UNTIT=1)
FORMSAT (1H ,10FEL13.%)
PRILT T4
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Gnd

Sy
59

(ﬁu

63

b4

Y

o3
9

DO BB I=|, Ny
TP (CSEwHITYY 87,58,57

ARG:ATAW(QS&NH(I)/CESH”(I))*57_29577951

IE (LESWH(T))  §9,50,59
ARG=C 4
AFGE=ARG
TE- (CSSEH(1)) 64,681,692
IF (USSWHIT)) 63,64,65
ALGEAFCHIRG, O
GO ™y T2
ARG=IR3, 0
O TO 72
APGZAVG=18¢ .,y
anoen 77
IF (USSHHCI))  66,47,68
AlGeYT 5
G T 72
AlPG=o, 0
GN TG 77
APGE=90 0
GO TO 72
IF (uSsuH(I)) 69,70, 71
ARGEARG
GO 72
ARG=0, 0
GOOTH 72
ARG=ARG
RAROGERARGGHL
ARGG(RAFGGY=ARG
FORMAT (F7.2)
CiaTIVNE

PRINT 4989, (ARGG(KR)  Kh=), K1)
OPEL (URTT=L, FILESPLOTER ,DATY ACCESS= * AP PENN')
WRITEC(S,989) CARGGIKK) yKESL, 1)

FUORMATCLIH ,10F7,.2)
CLORECUNIT=1) %

5T

Lno
SUBFQUTINE TREHD(CUW)
DIMERSLON U(L)
USUp=n g n
no 11'? I=1’i{;‘l
UeDM=UsUM4 (HCT)/180L,.™)
W=y, 0
Do o224 I=1,333
Wew+UC(T)

V=g, 4
DO 330 Il=6o0,14l]
veV+U (L)

ALPHAU=C(EQ I, 0/ (333,0%068 ,U))*¥ (Vi)

208
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g ded I=l,1eol

b WCIY=UCT) ~USUN= (ALPRAUXC(FLOAT(II/S500,{0 ) = 1

FETHRED END DR



APPENDIX A-4

Program for ploiting power spectrdl densities
and coherence values.

DINLELSIOL Y { 53) , E“.l‘()(;)
CALL PLOTECC, G, )

CLLL FACTOR(,6)

o1g1y Lvi=t,s

FERADCRD, 10, LEDEEEE ) RXNG

ire FORMAT(ARR)

‘1ﬁXLO,U,ﬁ,1J

FRADC22,205, RNDESSS)Y (YD), 151,51)

CRLL VERCY, "MORHALIZED AUTOCORKELATION=STARY ,31, 'TT 14 g LAG!

REOADC22,200, FIID=5588) (Y(1),158,51)

2% FORFATC(LH ,10K13,9)

3

FORGATCIH ,15F7,2)
CRLG, VEUHLY, 'LOGP(F) =S TAP', {2 T EREGURNCY! SR XN ,G, 1 s )
hiAn(,,,.~, FMD=S58) (Y (T),1%1,581)
CRLL Vel (Y, "DORMALIZED AUTDCQRRHDATIUmwwIND',31,“?1?&{5 LAG!
LY, e, 0, 1)
PEALC2T, 200, EHDS858) (YY), I51,51)
CALL Vr,cv,'bncPcF)—ur M L2 T FREROOENCY Y, 9, BXND, 0,1 , G )
FEAD(22,200,END=SSS) (Y (1), I5L,51)
CrLL V&ncv,'cnniﬂ=scw 9, TEREGUIRHEYY ,9,EXH0,1,1,1)
nRAh(22,3nu,ENn=5553(Y(l),I 1,50
CALY. VEICY, 'DHASE wIFFﬂRmMcﬁ',16,'anuumwcx',9,EXHC1, 1,1,6)

1111 COLTTNUL

CALY whERE(XX,YY, FACT)
CALL PLUT(XX,YY,%99)

558 STUP

1

oo
1onan

AR o]
SULRGUTTHE VEd(Y,YTEXT, Y, XAPKT WX, EXN0, NLINE, (8, KKK 2
BITVLSTON Y1), YTPX”(‘M) EXe0CL),X(853) ,XTRATCLY)
‘)” 1 P‘-—iy?l
\.Izl"-l
X(RI=FLUAT (L)
FHU”I”UF
X(51)=u,
X(82)= 5.
CALL SOALECY,6,0,50,1)
CAlLL MUAXISCO,, N, , XTEXT, =0, 4%, 0.,0.,5.,.11,.12, 1 J
Gz .0
ulr 1U%y J6=L, 160
HeETe{eFI |
CLLL PLUT(GG,0.0,2)
COLL TLNTLGL,=,%6,2)
HMN=JG=10¥ (JG/L0)
IF(NMS BG.C)Y CALL PLOT(GG,=«1,2)
CALL PLOT(GG,2,0,2)
COLTLNUR
SY=ABS{Y(%2))
CALL MLAXI&Cu. 00, YTEXL, WY, 6.,90,,Y(51),Y(52),,1% » = 12,1
IF("’S.NO.l).‘((1)"-1 )
IFCHLIWE b al) CALL Lil'l‘”‘"‘(‘frw’:rsmlilﬁlu)

"y

~

i

210
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IFCHLINS  RULE)CALL NOLTLE Y, 50,0 ,=1,4,,08)
IFCRRE. DU, 8) GDTY 4545
CRLY, SYYBOL(O.S,6,75,.17, 'POEER SPECTEUN AND COHERENCE
1 AIALYSIS UF KAVALUR SERIHG!, 0, ,55)
4545 CALI, SYMBNLCL,S,6.5, 12, BX00,0.,20)
CALL SYMBOL(B.G,6.5,.12, 'SCALF: X=AXTS 1,5 OMS=R UNITS',0,,29)
CALL SYHODL(E.84,6.3,.12,'Y~AXI3 1.8 CHS=z',0,,15)
Cr’\[;ll ?,’U’HSFL(‘?QQ. JQQQ .y a 1‘?’ ,SY ’r s :Jl ?—)
CALL SYMRML(999, ,999,,.12," UNITS',0.,6)
CALY PLAOTCOLE , =R, ,=3)
KETURN
e
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Normalized Autocorrelation -Wind

Log P(F)- Wind

0-20 0-40 0-60 0-80 1-00

6-00

-20

213
Power spectrum and coherence analysis of Kavalur turbulence

Exercise No. 01 Scale X-Axis 1-5¢cms =5
Y-Axis 1-5cms =0-20

units

0

6 .00 640

5-60

5-20

L-80

4L+ 40

T T J T 7 T T T 1
160 320 480 640 800 960 1120 1280 1440 1600

Time Lag (ms)

E xercise No. 01 Scale X-Axis 1-5cms =5  ynits
Y-Axis 1-5cms =040

T T 1 T T, T T T T 1
1.5 3-1 4L-67 6-2 7-8 9.3 109 12.5 14-0 15- 6

Frequency (Hz)
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Normalized Autocorrelation- Wind

Log P (F)-Wind

Normmalized autocorrelation vs. Time lag
Atmospheric turbulence

Exercise No. NNN &4

Scale: X-Axis 1-5 Mms =5

Y-AXis 15 o o :O‘zr\un.’ts

<20 4-00 4-80 60 6-40 7-20

+ L0

I I 1 I I

T
0 10 20 30 L0 50 60 70 B O 30 10¢C

Time lag (ms)
Log of power spectral density vs Frequency
Atmospheric turbulence

Exercise No. NNN 4 Scale: X-Axis 1-S cms=5 units
Y-Axis 1- 5 cms =0-80

25 50 75 100 125 150 175
Frequency (Hz)
Appendix - B-2



Normalized Autocorrelation - Wind

LogP(F) - Wind

0-20 0-40 0-60 0-80 -00 1-20

0-00

Normalized ‘autocorrelation vs. Time lag

Atmospheric turbulence 215

Exercise No. 04 Scale: X-Axis 1 “Sem
S =g
Y- Axis

1. Scms =O'20un;ts

160

T T Ll T I T ¥
320 480 640 800 960 1120 1280 140 1800

Time lag (ms)

Log of power spectral density vs. Frequ ency
Atmospheric turbulence

3., Exercise No. 04 Scale: X-Axis 1-Bcms=5  hiis

~ Y-Axis 1-Scms =0-50

o

o

-

o

[Te]

e

o

e

o

(=)

N

A

8

[Ve]

[=]

B —— T, 1i0 156
T T T T T T T .5 14- .

N 1-5 3.1 L6 6-2 7-8 9.3  10-9 12

Frequency

Appendix- B- 3



Normalized Autocorrelation-Wind

Log P(F)- Wind

0.-00

Normalized autocorrelation vs. Time lag 216
Atmospheric turbulence

Exercise No. NNN1 Scale: X~-Axis 1-5Scms =5
Y-Axis 1:5¢ms =0-20

units

o
o
e T T T T T T T T T 1

0 10 20 30 40 50 60 70 80 30 100

Time lag (ms)
Log of power spectral density vs. Frequency
Atmospheric turbulence

a_ Exercise No. NNN 1 Scale : X-Axis 1.:5cms=5 nits

Y-Axis 1:5¢cms =0.50

25 50 75 100 125 150 175 200 225 250
Frequency (Hz)
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