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STATEVENT

THE work presented in the thesis was carried out by the author,
at the Physioal Research Laboratory, Ahmedabad, under the gui-

dance of Professor P. D. Bhavsar and Dr. J. N. Desai.

The first measurements of winds in the equétorial.upper
atmosphere,‘at-twilight, Were.made bj Bhavsar and Ramanujé Rao
from the Thumba Equatorial Rocket Launching Station ( TERLS).
The present work by the author is an extension of the above,
by making measurements of night-time winds and other atmos-
pheric parameters, with the help of ohemioal'releases in the
upper atmosphere. In this study, observational results of
night-time Wiﬁds,'obtained from experiments conducted for the
first time at Thumba, have been presented. The author was
associated with the preparation of TMA vapour release payloads
for these experiments. General global circulation patterns
of winds have also been studied utilising, for the first
time, wind: results obtained by vapour releases at different

latitudes and longitudes.

Diffusion coefficients have been determined for neutral
~clouds from Ba-Sr point releases. For applying appropriate
correction for the effects of strong twilight sky background,

a new method has been evolved and used in this study. Also a
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new method ié preseﬁted to obtain tempefaturé—height profiles
froﬁ the measured'diffusion profiles,'This methodvpromises

to be of considerable importance for an‘understanding of the
lower thermospheric structure, particularly so, if experi-
ments are made where diffusion coefficient profile is measured

simultaneously with temperatures at a few altitudes.

Theoretical investigation of the interaction of neutral
and»ionised atmospheres has been carried out, and neutral
winds and ionisation drifts in the F-region have been derived,
utilising measured electron density profiles and model atmos-
pheric parameters. The»importanoe of farious.prooesses in
maiﬁtaining the night-time ionisation has been assessed. The

results of this investigation are also presented.

In Chapter I, the author las reviewed the existing
knowledge in his field of study. In Chspter II, the observa-—
tional results of night-time upper atmospheric winds, measured
for the first time over Thumba, and resulté of twilight winds
afe presented. A general pattern of atmospheric circulation
derived from vapour cloud releases in the 100 to 200 km alti-
tude region is also presented in this Chapter. In Chapter

TII the atmospheric structure measurements, made from
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diffusionvof vapour releases, aré presented and discussed. In
Chapter IV, the author hés discussed in detail the inter-
action of neutrél and ionised atmospheres; The problem of
nightutime I'-region has been treated, with particular
reference to its maintenance by neutfal winds. The summary
and conclﬁsions of the above study are presentéd in Chapter
vV, identifying also areas for future work in this subjéot°
'Finally,va list of ofiginal papers published in different
parts of the world, to which references have been made by

the author in the preseﬁtation, has been included at |

the end.
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 CHAPTER T

INIRODUCTION

UPPER atmospheric dynamics has been a subject of great interest
in recenf times. Though many indirect ground-based methods of
measurements are still used, rockef and satellites are now the
nain sources of providing precise data by means of direct in-
situ measurements and indirect inferences from injection of

tracers in the high reaches of the atmosphere.

The équatorial upper atmosﬁhere, including the ionos-—
phere and the equatorial electrojet, is as yet insufficiently
understood. An extensive programme of study, by a group of
scientists at the Physical Research Laboratory (PRL), Ahmedabad,
is in progress for this purpose. The programme at PRL includes
the stﬁdy of atmospheric parame ters, like neutral teﬁperature,
wiﬁds,'turbulence, electron density, electron temperature, ion
and neutral compositions, electric field and drifts of the
inhomogeneties in the E- and F-regions of the ionosphere.
Release of chemical vapour clouds in the upper atmosphere is
a part of this programme, with a view to understand the neutral
stmospheric structure and dynamics and its interaction with

the ionosphere.

In the first chapter, the author has reviewed the

present-day knowledge about the upper atmosphere above 90 km.



Section f.1:brief1y desdribes,the upper atmosphere. In Section
1.2 the available information regarding thé temperature, compo—
sition and we . density of the upper atmosphere is reviewed.
Sectioné 1.3, 1.4 and 1 5 deal with the tlme variations of the
upper atmospheric parameters, the model atmosphere and the
sources of energy inputs in the upper atmosphere respectively.
~Section 1.6 describes in detail different types of motions in
the upper atmosphere and the technlques used for their study.
Tn Section 1.7, the ex1st1mg observatlonal results of motions
in the upper atmosphere are summarised. After describing in
Section 1.8 the interaction between the neutral and ionised
components of the upper atmosphere, the author deals in Section

1.9 with the purpose of the present study.

11 THE UPPER ATMOSPHERE

Based on the physical and dynamical properties at varie
ous altitudes, the earth's atmosphere has been classified into
distinét regions. The nomenclature normally used by the scien=
tific community to.designate these regions, which are layers
with definite properties, is the direct outcome of the study
of the temperature profile of the atmosphere. The atmosphere
below about 90 km is in a thoroughly mixed state and the glo-
bal weather 1is almoét entirely dependent on the physical pro-

cegses taking place in this region. Thus, the atmosphere below



90 km is the main Source_bf information for the meteorologists
for their global weather studies. Detailed discussions and re-—
views of methods, reSultsAand the progress of knowledge of this |
region of the atmosphere in recent years have been reported Dby
CRAIG (1965), FEDELE (1968), FEDELE AND ZANCLA (1968) and

GROVES (1971),

Tn FIG 1.1 a comprehensive picture of the upper atmos-—
phere is shown. The important atmospheric‘phenomena9Which are
responsible for the distinct properties of the upper atﬁosphere
above 90 km,are glso indicated in detail in this diagram. This
region above 90 km known as the 'Thermosphere', 1S the subject

of interest in the present study .

In the thermosphere the temperature increases rapidly
wifh altitude and attains an asymptotic value of the order of
1000 °K. This asymptotic velue is highly variable with time.
1t depends on the level of solar activity Since sun is the main
source of energy input in this region of the atmosphere. The
extreme ultra-violet radiation, with wavelengths shorter than
1000 i ig absorbed by the atomic oxygen at heights of aboutb
200 km. The thermal conductivity being high in this region, the
heat generated is removed in a short time by downward conduction
to about 100 km altitude, ﬁhere collisions are sufficiently

frequent to gllow infra-red emissions to remove the heat. This
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is thenréason for thevsubsténtial_increase in temperature bet-
ween 100 and 200 km._The high conductivity is also responsible
for the maintenance of the.upper atmosphere in an isothermal
condition. At greatef heights fhe thermosphere merges with the
region called the 'EXéSphere' where, because of the small
number density of the gas atoms aﬁd molecules, the collisions
aremfrequent. The neutral air particles in this region move in
ballistic orbits in the gravitational field; while the ionised
particles in this region are mainly constrained by the geomag-

netic and the electric fields.

The atmospheric constituents get ilonised by the inter-
action with solar ultra-violet radiatior by amounts, varying
'with altitude. The region of these ionised gases, which extends
from an altitude of about 60 km to the outer regions of earth's
atmosphere, is termed the 'Ionosphere'. The ionosphere was
first alluded as a possibility'by Gauss in 1841, and was later
postulated by Balfour Stewert in 1883, in order 1o explain
some of the observed variations in the geomagnetic field. The
presence of these electrically conducting layers was first
experimentally established, by Kennely and Heaviside indepen-— |
dently, in .1902 by the long-range propagation of radio waves
expounded by Marconi an jear earlier. The radio soundings to
estimate the ionisation density with altitude have revealed

that there are three main regions of iohisation - the D-region



(60 to 90 km), the E-region (100 to 150 km) and the F-region
(beyond 150 km). The F-region is composed of two layers F1 and

P2, which merge into one during the night time.

AThe various regions'of the atmosphere can also be desi-—
_gnated according to the distribution of the constituent gas
species. For example, the region rich in ozone (extending from
ground to about 80 km) is known as 'Ozonosphere'. The 'Homos-
phere' 1is the region where atmospheric constituents are well
mixed bepause of large-scale convective and turbulent motions
and, thus,in this regién the oomposition remains constant with
altitude. The 'Heterosphere' (beyond about 100 km altitude) is
the region just above the homosphere where photo-chemical reac-
tions and diffusive separation combine to change the relative
composition with altitude. The 'Turbopause'’ (locatedbapproxi*
mately at 1C0 km altitude) is the sharp layer dividing the
homosphere and the heterosphere. The outer-most portion of the
atmosphere, which is almost fully ionised and where hydrogen
ions predominate, is called the 'Protonosphere’. The region
just bélow this, where laws derived from equations of state
and hydrostatics appear to have limited application aﬁd the
dominant~species is neutral hydrogen, is sometimes called the
‘Metasphere'n The metasphere and protonosphere together are

also known as 'Geocorona'. The 'Magnetosphere' is the region



in which the earth's magnetic field controls the dynamics of
- the atmosphere. This includes the Wholé atmosphere above about
1500 km, where ionised constituents become predominant over

neutral constituents.

From the foregoing, it can be seen that the region of
the atmosphere above 90 km may be referred to as Thermosphere,
_ when discussing the temperature Structure, Chemosphere when
discussing the composition and Tonosphere when discussing the
ionisation. It is this region, above 90 km; which will be refe-

rred to as the Upper Atmosphere in the discussions to follow.

1.2 STRUCTURE OF THE UPPER ATMOSPHERE

Before the advent of rockets and satellites, the atmos-
pheric structure at altitudes belpw 30 km used to be studied
by instrumenfed payloads on balloons, and beyond these heights
by the anomalous propagation of sound, which provided the first
evidence.of poe itive temperature gradients in the middle atmos-
phere. With the availability of rockets, the»grenade—explosibn
and failing—sphere techniques have been used for studying the

atmosphere upto 100 km (CRAIG, 1965).

Q-switched giant pulsed 1asers have now provided a new
powerful technique for probing the earth'q atmosphere upto

100 km. Range'of application of this 'Lidar' technique has



been.discussed'in detail by COLLIS (1969). Ruby and Neodymium
Glass lasers, with pﬁlse—Widths of the order of 10 n sec, and
pulse power of the order of 10 joules pulse_~1 have been used
to measure atmospheric densities upto 100 km by receiving the
Rayleigh-scattered photons due to air molecules. Such measure-
ments have been useful for the study of atmospheric tides as
well (KENT ET AL., 1972). Presence of dust layers can be dete-
cted and studied even for higher altitudes (upto 140 km) by
receliving the Mie-scattered phbtons from the particulate

matter.

Minor constituents can be detected and studied making
use of fluorescence and resonance soattering of 1aser beams
tuned to appropriate wavelengths. Such tunable~dye lasers, ,
with Rhodamine G dye eXcitaiby flash lamp}have been success—
fully used to study night-time structure of natural sodium

layer at 90 km (HAKE ET AL., 1972).

FIG 1.2 illustrates the various methods applicable
in different altitude regions for exploring the atmospheric
‘structure and the dynamics (Section 1.6); These methods, as
-used for temperature, density and composition measurements,
and the results obteined hitherto afe reviewed in the |

following sub-sections.
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1,201 lemperature

Ground based observatlons of Doppler line width of
5890 4 and 5896 A sodium D lines’ (KASTLER AND BRICARD, 1944),
6300 Avand 5577 A atomic oxygen emissions by Fabry Perot inter-
ferowmeter technique (KARANDIKAR, 1968; ROBLE ET AL., 1968;
HAYS BT AL., 1969, 1970; COGGER ET AL., 1970; PEIBELMAN ET AL,
1972), and rotational band spectra of OH bands from airglow
- (SHEFOV, 1971) have been made for deducing upper atmospheric
femperatures on a regular basis. HUNTEN ET AL. (196%) have
“reported auroral zone atmospheric temperaﬁures from N2+ band

spectra.

'In these airglow techniques, the measurements aﬁe made
mostly during night and twilight hours, but dayglow measure-
ments have also been reported by several workers. A brief
review of these measurements hes been given by SHEPHERD ( 1969).
The Various‘techniques, that have been employed, have been revi—
ewed by JARRETT AND HOEY (1965). Recently HILLARD AND SHEPHERD
(1966 A,B) have expanded the scope of‘atmospherio Doppler tem-
perature measurements by the introduction of Wide Angie Miche-
lson Interferometer (WAMI). Using this technique, ZWICK AND |
SHEPHERD (1973), by observing 5577 A and 6300 A emissions, have
estimated auroral electron fluxes and energy spectra, besides

vertical temperature profiles, and diurnal variations of exos-

pheric temperatures.



'The‘main disadvantage of the airglow methods is that it
is difficult to obtaiﬁ good altitude resolﬁtion and extremely
difficult to make accurate température measurements during day
time. The altitude estimates are particularly importent for
lower thermospheric measurements where temperature gradients

are large.

BLAMONT ET AL, (1962) made a direct determination of
temperature at 370 km altitude by releasing a cloud of Sodiuml
vapour and measuring the Doppler line-width. They estimatéd
the temperature to be 1450 + 75 hK. Subsequently, quite a
number of measurements,using this technique,have been made
(LORY, 19653 POLOSKOV ET AT., 1970). Temperature determinations
in the upper atmosphere have also been made from the release of
various other fluorescent chemicals. AUTHIER (1964), HARANG
(1964), REES (1968, 1971 A), GOLOMB BT AL. (1967, 1968), REES
ET AL. (1972 A) and LLOYD ET AL. (1972) have each described
observations of temperature measurements from the rotational-
vibrational spectra of aluminium oxide glow-clouds. The mole-
cular struéture of barium oxide has also been wused for temper-
ature determination (HARANG AND STOFFREGEN, 19693 REES, 1971 .Ag
GILBERT AND REES, 1971). HARANG (1969) has given a summary of
the spectroscopic obsérvations made on vapour releases. LLOYD
AND SHEPHERD (1966), and DESAT AND NARAYANAN (1970) have infe-

rred upper atmospheric temperatures from measured diffusion



coéffioienfé of artificial'vapour releésés. In the vapour cloud
technique of temperature ﬁeasurements, there are a few assum-
ptions involved and the height estimates are also very good.
However, stringent visibility conditions, and prohibitive cost

are the disadvantageous factors.

Based on 50 direct temperature measurements using the
vapour cloud technique, REES (1971 B) has presented, for geo-
magnetically gquiet conditions, a global temperature distribu-
tion for altitudes between 150 and 190 km (FIG 1.3). Reviewing
the various measurements made by different technigques, he has
also pointed out a greater decrease of temperature towards the
polar regions than what the modei atmospheres have indicated.
TVANOVA BT AL. (1969) had also pointed out, in a review of
carlier temperature data from several different techniques and
ot high latitude, that in the altitude region/$€i150 km fempe—

ratures over Heiss Island (810 N) were lower than those of

the appropriate atmospheric models.

Tn-situ measurements, of the density and -temperature
of molecular nitrogen, from altitudes of about 140 to 300 km,
have been .made employing a series of thermosphere probe laun-
chings. The probe consists of an omegafron mass spectrometer
(fixed tuned to Nz) and an optical aspect instrument. These
meésurements rely on the interpretation of the vertical gra-

dient of the neutral species to derive temperature. SPENCER
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ET AL. (1970) have reviewed in'detai1 theée'probe measurements.
SPENCER AND GARiGNAN (}972) feport thermospheric molecular
nitrogen temperature variations made on San Marco IITI satellite
in the altitude range 210 to 300 km over the equator. 0' NEIL
(1972) has reported N, vibrational temperatures and N, and O,
molecular density measurecments by rocket-borne electron beam

induced lumireepence between 100 and 150 km altitude.

Temperature measurements made by BLAMONT AND LUTON
(1972) from 0G0-6, provide the most interesting direct observa-
tions to date. A spherical Fabry Perot Interferometer gives
the doppler width of dayglow 6300'2 atomic oxygen line at alti-
tudes between 200 and 350 km. Temperatures,deduced to an acou-
racy of + 50 oK,have been studied as a function of local time,

latitude, and solar flux.

Neutral thermospheric temperatures have also been deri-
ved from density scale height measurements made on Explorer 32
with density gouges (NZWTON AND PELZ, 1973). Using the densities
derived from the measurements of satellite drag (Section 1.2.2),
temperatures have been inferredA(ROEMER, 1971) and these form
the‘basis of the present day model atmospheres ( JACCHIA, 1971) .
But it is emphasised that this method, egssentially is for

density determinations.




" One of the most - powerful grbund—bésed methods of study-
ing thermospheric prdperties is by incoherent radar scatter
observations. This method is currently in use only at three
locations, viz., Jicamarca (120 S), Puerto Rico (19o N) and
St Wancy (45o N). 4 detailed study of the technique, important
results obtained and limitations of this method have been pre-
sented by EVANS (1962) aﬁd WALDTEUFSL BT AL. (1971). The power .
spectra of the back-scattered echoes can be interpreted in
terms of electron and ion temperatures. The properties of the
neutral atmosphere are deduced,'ﬁsing a non-linear profile of
the exospheric temperature, the shape factor in the tempera-
ture profile and the atomic oxygen density at a reference alti-
tude in the diffusive equilibrium region. The incoherent sca-—
tter measurements brought out for the first time that the
observed temperature maximum is not in phase with that derived

from satellite drag method (NISBET, 19673 CARRU ET AL., 1967) .

WALDTEUFEL (1971) has compared the temperature results
from incoherent scatter measurements, rocket probe measurements
and satellite drag measuréments and concludes that all these
results are converging. CHAMPION (1970) and REES (1971 A) have
shown that'duriﬁg the geomagnetic storm of November 1968 tem-
peratures derived by satellite drag method, chemical release
technique and from 6300%(01) emission line showed good agree-

ment with one another.
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__There is, however, a need for exploring the region bet-
ween ﬁOO and 200 km,_Which is essentially the extrapolation
region for the present model atmoépheres, for which the ohemi~
cal release method and probe measurements are the only answer.
There is also the need to establish more incoherent scatter
facilities to have a coherent global picture. The airglow
methods would be a much cheaper - long term thermospheric
temperature monitors and would also serve as useful tools for

studying latitudinal variations.

1.2.2 Density

The'equilibrium density distribution in the atmosphere
is governed, to a high degrec of accuracy, by hydrostatic equa-
tion. Density determinations in the thermosphere have, mainly,
been made by means of satellite drag measurements. A body of
effective cross—section, A, moving with a velocity, V, through
a gas of density, f , experiences an aero-dynamic drag, D,

given by

where CD is the drag coefficient; Knowing the satellite velo-
city, density is obtained by observing the change in the orbif
tal inclination of the satellite from the ground. The methods
and results of these determinations have been discussed by

JACGCHIA (1963), KING-HELE (1966), PRIESTER ET AL. (1967), and
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| ROEMER §1971)- Accuracies of:the'order of-1b% have been claimed.
However, lack of timel(ébout few hours) and spatial (30 latitude
zone) resolutionsare the chief draw backs of fhis me thod. Besi-
des, satellites with proper geometry, for drag measurements,

have only recently beeﬁ incorporatéd (DEVRIES, 1971). This‘tec—

hnique is not quite applicable in exosphere above about 800 km.

In addition to drag measurements, detailed information on
- atmospheric density has been obtaimed in-situ by accelerowmeters
( BROGLIO, 1965; CHAMPION, 1969, 1971; BRUCE, 1971) and by pre—
ssure gauges (NEWTON ET AL., 1965; CARTER ET AL., 1969; NEWTON,
19705 ANDERSON AND SHARP, 1971). Pressure gauges in roskets and
satellites need calibration, which is different esbecially for

the low pressures encountered by a satellite orbit.

From Molniya 1-F satellite obserfations, BRIERLEY (1970)
has reported two density values at record low altitudes of'aboﬁt
120 km. Following the behaviour of Molniya 1-K which revealed
very high and variable air densities near 18 hr L.T., four subse-
quent Molniya satellites were examined (ALLAN, 1972), which too
showed, though to a much less extent,.high densities near 18 hr
L.T. Profiles of total gas density obtained in the region of
130 - 200 km from orbital drag data, accelerometer measur@menﬁs
and pressure gauge readings of the satellites, Cannon Ball and
AT5-2, have been presented by KING-HELE AND WALKER (1969, 1970).
CHAMPION ET AL. (1972) and CHAMPION AND MARCOS (1972) hate
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derived atmospheric densities in fhe héight range bf 140 - 800 km
'from'orbital'drag‘and éocelerbmeter'ﬁeasufeﬁents on Cannon Ball

IT and Musket_Ball polar Satéllitesp The San Marco IIT satellite w
_has gathered a large amount of density and composition data on

the equatorial neutral atmosphere down to 150 km ( BROGLIO, 1972).

Comparison of atmospheric deﬁsities,obtained from satellite
drag data, gauge measurements and accelerometer résults,at sate-
1lite altitudes now indicates near agrecment, within error limits
of.i 20%, of these different techniques (KEATING, 1971). The
discrepancies, that were initially there, have since been resolved
by taking into account calibration and normalisation ( NEWTON ,

1969) .

Upper-air density has also been derived from the simulta-
ncous measurements of the molecular diffusion coefficient and
temperature of chemical cloud,released by rocket. (GOLOMBET AL,
1967, 1968; REES ET AL., 1972; LLOYD ET AL., 1972), assuming
ambient molecular weight and collision cross-section of the
contaminant-ambient particles. From such mcasurements over high
latitudes, REES (1974 B) has shown that at the equinox, the air
density may decrease by about 10% from the equator to 70" lati-
tude, while near the winter-polar cap, a density decrease of the
order of 30% may occur. From another such estimate of density
from Aladdin II experiment at Eglin, REES ET AL? (197% B) report
thet air density at morning twilight was about 50% higher than

that during evening twilight between 130 and 160 km.
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Coﬁbosition medéurements have primarily been obtained
through a Variety of mass-spectrometer techniques. As opposed
$o ambient ionic measurements (NARCIST, 1971), neutral atmos-
pheric constituents are first jonised by an ion source (usually
an electron beam with an energy of tens of volts), and the ilons
from the gaseous mixture, as a function of their charge to mass
ratio, are measured in an analyser. The first important mass
spectrometef measurements were made by SCHAEFER (1963),

POKHUNKOV ( 196%), WIER BT AL. (1964) etc.

BALSIGER ET AL. (1971) have developed a mass-spectrometer
for smultaneous measurement of neﬁtral and ion composition of
the upper atmosphere and repbrt two measurements in the altitude
range 110 to 220 km over Kiruna. Other important measurements
have been reported by SCHAEFER (1969) and SCTIALOM (1971). NEWTON
LT AL. (1972) report Oy, N,, He and O measurements on San Marco
ITIT satellite over equatorial atmosphere. HEDIN AND IZAYR (1972)
have constructed a global emperical model for quiet conditions
to describe longitudinally averaged 0G0O-6, N, and 0 densities:
in the altitude range of 400 to 600 km by sphefical harmonic

expansions.

Measurements by mass-spectrometer are plagued by vehicle
contaminants as well as uncortasintivs in the effective flight

dynamics on gas sampling. Measurement of atomic oxygen concen-
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tratibﬁ;has§ﬂl édded problem'connected with recombination at

. the walls of'the ion source. It has only recently becn possible
to make some improvements ( BIITERBERG BT AL., 1970; OFFERMAN

- AND VON ZAHN,1971) . A new mass spectrometer, capable of measur-—
ing composition by energy analysis of the sample at.vehicle

velocity, has been reported by PHILBRICK ET AL. (1972..4) .

Measurcment of the absorption of solar extreme-ultra-
violet radiation at discrete wavelength intervals has been uscd
to determine the number densities of 0, 0, and W, ( HINTEREGGE
1962 ; HINTEREGGER AND HALL, 1969; HALL, 19723 SUBBARAYA ET AL.,
1972). The molecular oxygen number density distribution in the
100-200 km region has been determined by solar occultation
neasurements made on Solarad 8 satellite: (ROBLE AND NORTON,
1972) and by occultation of stellar ultra-violet light
( A 1500 Z ) monitored on OAO-2 satellite (HAYS AND ROBLE,
1973). The mein difficulty in these type of measuréments is
our insufficicnt knowledge of some of the important absorption
cross sections. These techniques are applicable only to a

limited altitude range.

- Atomilc oxygen profilcs have also been measurcd from
the airglow resulting from nitric oxide releases (GOOD AND
GOLOMB, 1972). In addition to obtaining density from satellite
drag measurements, composition has also been estimated from

the vertical distribution of density ( JACCHTIA AND STOWEY, 1968) .
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Trom the optloal and 1ad10 observatlons on meteors entering
 the earth's atmosphere den51tles have been derived, though

" with uncertainties.

Molecular nitrogen densities in the 90-120 km region,
from thevshape of the incoherent scatter spectrum (WALDTEUFEL,
1970) and atomic oxygen profiles in the 250-400 km region,
where it is the dominant constituent, have been deduced from
observations of temperatures and electron densities (BAUER

T AL., 19703 MAHAJAN, 1971).

The study of the ratio, 0/0,, between the atomic oxygen
and molecular oxygen has been one of the most interesting
aépects'in the composition measurements. Molecular oxygen dis—
sociates at a level of about 90 to 100 km. The O/O ratio
increases rapidly upwerds reaching a value of about 2 at 115 km
and about 10 at 150 km. The various measurements of oxygen by
mass spectrometers have shown & varied behaviour of this ratio,
ranging from 0.5 to 4, at 120 km. The accurate knowledge of
this ratio is essential for developing a model atmosphere.
Discrepancies of different measurements have been attributed
to instrumentation and calibration difficulties (VON ZAIN,

19675 GIRAUD BT As., 1972) .

There have also been discrepancies in the results of

measurements from satellite drag, mass spectrome ter observations ||

and extreme ultra-violet absorption techniques. VON ZABN (1970) 3
has made & comprehensive review of density and composition neaxr

150 km, where he has compared the measurements from various
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‘Soﬁrcayénd tbéhniqueso He pqintS'ouf'that if one aésumed that
the drag results wcre higﬂ by 10% and those of mass spectrome-
tric measurements of atomic oxygen were low by a factor of 3 to
5 or even more, agreements in these meésurements could be
obteined. NIER (1971) has re-examined the situation and points-
out that the relative mass—spectrometer values of atomic oxygen
sre corrcct and should not be increased, and instecad, proposes
that the total density measured by maSs—spectrometer be incre-
ased by an emperical factor (1.25 to 2.5) to match the satellite
drag densities to account for the discrepancies. TABUSCH AND
CARIGNAN (1972) conclude, from an analysis of the composition
measurcment on 0G0—6 for a period of more than one year, that
the VON ZAHN (1970) recomméndation for the 150 km composition
mekes the 0/, ratio too high at 150 km. Morc recently, MOE
(1973) has made another review on density and composition in
the 80-200 km rcgion, cmphasising particularly on the results

derived from satellite drag observations.

More accurate measurements of the various constituents
and from diffcrent techniques, as in the Allzdin T and II experi-
ments (PHILBRICK ET AL.,1972 B,73)and an intensive study of the
oxygen transport problem (KING, 19643 JQHMSON, 1964 ; JOHWS0H LMD
GOTTLEIB, 1973%) would bc.necessary for a reasonably firm

assessment of the O/O2 ratio.
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<-Ambpgst'the minor constituent measurcments, new results
are found_from the Tllinois Aeronomy Report ( SECHRIST AND

GELLER, 1972).

1.% TTME VARIATION OF UPPER ATMOSTHERIC PARAMETERS
FProm studies of the data accumulated from various sources,
the following variations in upper atmospheric parameters have

been recogniseds:

1.3.1 Diu?nal_Va;iation

The satcllite drag and other in-situ mcasurements show
a diurnal veriation in density with a maximum around 1400 hr L.T.
and minimum around 0400 hr L.T. Model calculations, faking into
account only the solar extreme—ultra-violet radiation as input,
nave shown that the temperature end density maxima are to be
cxpected at 1700 hr T,.T. HARRIS AND PRIESTER (1962 A) explained
this discrepancy between the observations and theory as due to a
second heat source shifted in phase. This hypothesis, howcver,
finds no observational evidence. The incoherent scatter obéer»
vations show the diurnal temperature maximum at 1600 hr L.T. at
low latitudes in all scasons (MCCLURE, 19695 MAHAJAN, 1969
WALDTEUREL AND'COGGER7 1971) and at 1430 hr L.T. in winter and
1900 hr L.T. in summer 2t mid-latitudes (WALDTEUFEL, 1970) .
This indicates that diurnal variation 18 strongly controlled by

the length of the day. Lhe incoherent scatter results have also
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shown a. largbr dlurnal variation amplitude. than derived from
drag observatlongu The. phesc -lag of 2 %o 3 hours between density
and temperatﬁré maxima from these tWo techniques, which has come
to be known as the 'Dlurnal Phase Anomaly', has becn 1nvu5t1gﬂtud
on the basis of dynamical models (RISHBETH, 19693 VOLLAND, 1969,

1970) .

RISHBETH (1969) and MOFFETT (1969) have pointed out that
the effect of vertical neutral motions calculated by DICKINSOW
AND GEISLER (1968), and RISHBEIH BT AL. (1969) are important in
detormining the density and temperature of the thermosphere.
RISHBETH has'suggested that horizontal winds may causc a loss
of air during the day timc at mid—latitudes, which implies either
o varistion of the lower boundary conditions. in the thermosphere
( MOFFETT, 19693 VOLLAND, 1970) or a tempcrature profile in lower
thermosphere that makes density and temperature out bf phasc at
groater heights (MOFFETT, 19693 SWARTZ AND NISBET, 19713 BAILEY
AND MOFFETT, 1972). MOFFETT has suggested that both vertical
winds and a variation of the lowcr boundary conditions may be

important.

STUBBE (1970), from his detailed study, has concluded
that the most likely explanation for the diurnal anomaly is to
be found in the dlurnal variation of density at the lower
boundary. CHANDRA AND STUBBE (1970) have extended this Work

by varying the temperature and density at the lower boundary.
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VOLLAND (1970) has contested the above explanstion of CHANDRA
.AND STUBBE as their resﬁlts'aro not consistent with observations
above 600 km and that varistions of conditions at lower boundary

demand e lerge energy input from below.

VOLLAND (1969) has calculated diurnal variation using a
superposition of two gravity'waves and two heat conduction waves.
Some of the boundary conditions thénifollow, and there remain
'some ad justable parameters. For the first harmonic of the diurnal
variation, both density and temperature peak around 1400 hr L.T.
Later, VOLLAND (1970), however, found pobr agreement between his
theoretical predictions using the second harmonic and the experi-
mental observations. BAILEY AND MOFFETT (1972) have pointed out

the neglect of meridional winds in VOLLAND'S calculations.

MAYR AND VOLLLND (1972), considering a two-dimensional
’time—dependent model, have shown that the wind induced variations
in the diurnal oomponcnt‘of atomic oxygen dominate over its
temperaturafindubed variations upto 200 km, and thus concept

of diffusive equilibrium for atomic oxygen within the lower
thermosphere is strictly not valid. The effect of diurnal wind
circulations is to rédistribute 0, so that the maximum in the
diurnal variation of O is shifted by one to two hours away from
temperature maximum towards noon, and thus contributing to the
phasc anomaly above 200 km, whcre O becomes the major consti-

tucnt. In a further paper, MAYR AND VOLLAND. (197%), developing



a sclf- con51stbnt tWO“COUpOHth dlfqulOH modcl, have shown that
phase dulays betwecn dunblty and temperature depend strongly on
the electron density distribution, as it affects thermospheric

circulation.

The effects of vertical motion arisiﬁg from the converge-
nce or divergence of* air. produced by horizontal winds, diurnal
variation of temperature gradient in the lower thermosphere and
other dynamical processes together are expected to provide a

final answer to the diurnal phase anomaly.

There arc scveral othur aspects of diurnal veriation, such
as, the position and extent of the diurnal bulge, the latitudinal-
diurnal variation (WEWTON, 1970; ALCAYDE ET AL., 1972) and the
solar wind effect of the diurnal variation amplitude (JACCHIA,

1970 A), which need further study.
1.3.2 2f-day Variation

Temperature variation in the upper atmospherc showing
a 27— day periodicity, has been described by JACCHIA (1971). He
gives the emperical 1clatlonsh1p

= 379 + 3.24 F1O'7 + 1.3 (F1O.7 - F1O.7)

where T, 1s the global minimum temperature, F1O.7 and qu 7 are
the 10.7 cm solar radiation flux onc day prior and the average

flux over several solar rotstions respectively. JACCHIA (1970 A)
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has found that the ratio, r, of maximum to minimum exospheric
. temperature on global scale, varies with the solar cycle and

v

lags behind the variation of the 10.7 cm solar flux by more than
a year. Thc variation of r is, however, in phase with Kp, the
average planetary index over a whole year. The 27-day variation

is attributed to a similar variation in solar EUV flux.

14343 Semi—annuél Variation

This variation in density, first pointéd out by PAETZOLD
AND ZSCHORWER (1961), is characterised by stable maxima in April
and Octobecr and minima in January and July. COOK (1969 A) has
revicwed all observational results upte 1969 aﬁd has advanced
explanations for the varistions. JACCHTA (1971) has concluded
that the variation in density cannot be explained in terms of
similar variation in exospheric temperature. A veriation in the
boundaronondition near the turbopsuse may give rise to this

effect (COOK, 1969 B).

PATKULIN (1973) hes reported ionospheric evidences for
the veriability of neutral oombosition at turbopausc levels.
From incoherent scatter observations, WALDTEUFEL (1970) has
sdentified seasonal veriation of atomic oxygen in the lower
thermosphere. From a spherical harmonic analysis of meteor
trail observations, MAYR AND VOLLAND (1971) have derived two
heat sources for the semi-annual variations -~ one migrating

with the sun snd the other presumably related to auroral heating



aSsbéiated,With‘the magnetio storms. Thé Wind oiréulation cons i
stent with thesc sourceu, has been . shown bv them to cause a semi-
qanual dlstrlbutlon of atomic oxygen. From theoratlcal calcula—
tions, RUSTER AND KING (1973) have suggested that the anomaly
observed at mid-latitudes at times of large solar activity can

be explained by seasonal variations of composition changes . The'
changes required by them are in agreement with the results obtai-

ned from rocket soundings =nd incoherent scatter observations.

1.5.4 Variation Associated with Geomagnetic Activity

Direct measurements of neutfal atmospheric tempefatures
during = masgnetic storm have shown that temperatures increased
by 80 OK at low latitudes compared to 300 °K at high~latitudes
( BLAMONT AND LUTON; 1972), During a geomagnetic storm, abnormal
variations in equatorial densities have been reported ( CHAMPION,
1971). PRAG (1971) has found that for disturbed conditions the
models grossly under-estimate the variability of the real atmos-
phere, particulerly below 200 km. Joule heating (COLE, 1962 A,B)
and dissipation of energy by hydromagnetic waves (DESSLER, 1958)
have been sﬁggested as oauéative mechanisms for the atmospheric
variations during geomagnetic disturbances.

[}

For the temperature veariation in the exosphere during s
storm ROEMER (1971) has suggested a latitude-dependent expreSsiun

of the form
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AT = (21.4 sing: + 17.9) K, + 0.03 exp (Kp)
where Kp is the 0.4 -day mean of the original planetary index
Kp. REES (1971 4) haslreported an altiﬁude—dependent correla-

tion between atmospheric temperature and geomagnetic activity

in the 1%0-170 km region.,

1.3.5 Seasonal-latitudinal Variation

The seasonal-latitudinal density variation (CHAMPIONW,
1967; JACCHIA AND SLOWEY, 1968) incréases rapidly between
90 and 100 km, with & maximum between 105 to 120 km altitude.
Above about 150 km there seems to be no appreciable seasonal-
latitudinel variation other than that associated with winter

helium bulge (KEATING AND PRIOR, 1968).

1.3.6 Summary_QfmthewAtmospheric_Vapiations

The available data of neutral component of the thermos-

phere reveel the following general features:

i) The diurnal component strongly dominates the
daily density variation above 200 km with rela-—
tive amplitudes upto 0.5. The relative amplitude
énd phase remain roughly constant with altitude
above about 300 km. The semi-diurnal component

above 200 km is weak though not negligibly small.
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ii) The meridional structure of the diurnal density
veriation during equinox follows a simple cos «-~
. ’ . P

reletion, <P being the latitude.

iii) The annual variation is relatively weak, the
density bulge follows the solar zenith angle. On
thé other hand, the semi-annual variation is
Strong in the whole thermosphere, mesosphere

and stratosphere.

iv) The average neutrsl density and the diurnal -
density amplitude strongly depend on solar
activity, indicating the dominant influence

of the solar EUV heat input.

v) During geomagnetic storms the density increases

significently, suggesting additional heating.

1.4 MODEL ATMOSPHERES

Several models of earth's atmosphere, which present
temperatufe, pressure, density and other properties as a
function of time, altitude and latitude, have been constructed
in recent years. The semi-emperical model of HARRIS AND
PRIESTER (1962 A,B) was the first major attempt, after WICOLET
(1961) made a beginning, to put the available observational
data in a quantitative form ﬁb construct a comprehensive model

from 120 to 2000 km altitude for various levels of solar
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actiVity, with fixed bQundary conditioné at the 120 km level
and diffusive equilibrium éboven JACGHIA (1965). and COSPAR
International Reference Atmosphere~CIRA - (1965) models are

only modified versions. of the same.

With the accumulation of mdre data, new models have
now been constructed. The low altitude model of CIRA for the
25 to 120 km region has been developed by Groves (1971). The
high altitude model, for atmosphere above 90 km, has been de-
veloped by JACCHIA (1970 B, 1971). It is primarily based on
satellite drag results, and the values have been matched at
lower heights with mass-spectrometer and other in-situ measure-
ments. In JACCHIA'S model, considerable changes over the models
of CIRA (1965) and United States Standard 4tmosphere (USSA) 
Supplement (1966), ha%e been incorporated, particularly in
respect of the fixed lower boundary condition (which has been
brought down from 120 km to 90 km) and the O/Og,ratio at
120 km (which has been considerably increased). Mixing is
assuned to‘prevail to a height of 100 km and diffusive equi-
librium thereafter. All the recognised variations connected
withvtemporal, solar, geomagnetic, and latitudinal parameters
are represented by emperical relations.-However, the maximum
of temperature, at 1400 hr as from this model, and at 1600 hr
(or later),as derived from incoherent scatter opservations,

poses & serious problem for this model. JACCHIA'S model is,
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'howe§ef,‘dnly'a statiovdiffugioh>mode19 and unless dynamical
aspects are includéd there are bound to.be discrepancies.
JACCHIA maintains that the departures of hisvmodel'ffom prohe
measureménts, incoherent scatter results, and mass spectrometer

valuesvare not serious.

The mean CIRA has been developed for an altitude range
25 %0 500 km by CHAMPION AND SCHWEINFURTH (1971), for meen
conditions nesr 300 latitude and for a solar flux of‘145 X 10—22
watts m o quj,based on the models of GROVES (1971) and
JACCHIA (1971). JACCHIA'S model has been modified for polar

region by BLUL AND HARRIS (1973).

The reliability of the upper atmospheric models are
meinly based, as emphasised already, on the turbopause level
(assumed constant &t 100 km) and the fixed lower boundary
conditions. Changes of composition at the base of thé thermos—l
phere can have important consequences in several ionospheric
phenomene ( CHANDRA AND STUBBE, 1970; MAYR AND MAHAJAN, 19713
TAUBENHEIM, 1971; RUSTER AND KING, 1973). The vafiation of
atomic oxygen concentration and the O/N2 ratio have large
influence on the verticel structure of composition in the
thermosphere. STUBBE (1972) has shown that because of hori-
zontal transport of air, the O/N2 ratio in the lower thermos-
.phere is affected, and that there are departures from

barometric law.
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" From the.inooherent~scatter obServationS, WALDTEUFEL
AND MCCLURE (1969, 1971) ana WALDTEUFEL £ND COGGAR (1971)
have presented global exospheric temperature models. LLOYD ET
ATi, (1972) have extendéd WALDTEUFEL AND ICCLURE'S (1969) model
to latitudes beyond 450. Two of fhese incoherent scatter
temperature models, as also that of JACCHIA (1971), are

shown in PFIG 1;4.

Dynamic diffusion model on theoretical consideration,
assuming varying boundary conditions at 120 km, have been
proposed by CHALNDRA AND STUBBE, (1972). An ahalytical model,
incorporating temperature gradient changes in the region of
125 km, has been proposed by SWARTZ ET AL. (1972), which as
claimed, is compatible ﬁith both satellite density measure-—
ments and the available incoherent scatter measurements. The.
main feature of this model is that length of the sunlit day
is included as a major model parameter.

)

The temperature measurements of the type made by
BLAMONT AND LUTON (1972) =longwith those using coordinated -
rocket measurements (e.g. the Aladdin experiments of PHILBRICK
ET AL., 1972 B, 1973), are expected to fill the gep that now

exist between the various models.
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SECE 5u4
1.5 - ENERGY INFUTS IN THE UPPER ATMOSPHERT

Unlike the case of the_afmbsphere below about 80 km,
where solar radiation is the only principal source of energy
input, the upper atmosphere derives its energy from various
sources. The dynamics, which is largely comtrolled by hjdro—
dynamic forces at low altitudes, also gets modified signifi-
cantly at greater heights because of the presence of the
ionosphere, Follqﬁing are the energy sources which play a
dominant role in the motions end dynemics of the upper

atmosphere .

i) Absorption of solar ultra-violet radiation and
X-radiation, leading to photo-ionisation, photo-
dissociation and consequent chemical reactions,

liberating heat.

ii) Dissipation of tidal motions, gravity waves and
hydromagnetic waves by molecular viscosity and
_through turbulence.

iii) Joule heating by ionospheric current systems,
especially equatorial electrojet at low latitudes

and auroral eleétrojet at high latitudes.

iv) Absorption of energetic charged particles entering

the atmosphere. : i
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-'Part of the_heat generatedﬂis lost by re—radiation and
_.tranéport of air. Tor all ré—rédiations at wavelengths for
which the thermosphere is transparent, Which inoludes visible
and infra-red sirglow emissibns of oxygen, nitrogen and hydro-

xyl radicals, the heat is lost from the thermosphere.

Following heat transport mechanisms are operative in

the upper atmosphere:

i) Molecular conduction, giving rise to a'heat flux

which depends on the temperature gradient.

ii) Eddy transport, which is important around 100 km.
This process transfers heat from thermosphere to
mesosphere and derives its energy from large-

scale wind motions in the mesosphere.

iii) Transport by large-scale wind, which carries

heat horizontally.

Detailed numerical calculations of thermospheric heat
sources and sinks in relation to energy balance of the atmos-
phere have been made'by CHANDRA AND SINHA (1973). VOLLAND AND
MAYR'v(1972 A,B,C) have developed a %~dimensional model of
thermospheric dynamics 1in terms of eigen functions of the
atmospheric system, which are excited by solar heating from
'EUV?radiation, corpuscular heating during geomagnetic storms
and from encrgy due to the dissipation of energy waves

generated in the lower atmosphere.



FiG 1.5 1is é_sdhematio répresénfation of the varioﬁs
energy sources and theif 1ikely effects on the upper atmos-—
phere. A brief account of some of these important energy
éourées, which cause‘upper étmospheric motions, is presented

Ain what follows:

1.5.1 Imsolation of Solar Radiation

As mentioned earlier, the most important source of
thermal energy in the atmosphere 1is solar radiation. The inco-—
ming electro-magnetic radiation from the Sﬁn is absorbed by
stomic and molecular constituents of the atmosphere in diffe-
rent wavelength regions. The absorption is essentially in
. +wo wavelength regions. The radiation in A > 7000 A region
ig absorbed in the lower atmosphere and the Shorter wave-—
lengths with A < 3500 Z, are absorbéd»in the upper atmos—

phere.

The most important radiative heating effect is the
absorption of solar radiation in the Schumann - Runge (S-R)
bands and continuum of molecular oxygen. The S5-R heating
ranges from less than 1 “K dayﬁ1 at 80 km to more than 20 s
day—1 at 105 km. The total energy absorbed between 80 and
105 km is of the order of 20 ergs o2 seo”!| (DETWILER BT AL.,

19613 LEOVY, 1969). In comparison to this, the energy absorbed
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in the méSOSphere; betwéénvSQ.to 80‘km, is:of the order of
10° ergs om 2 Sec~1, ond in the ozone layer, between 30 and
50 km, is about 2 X 10% eres o™ ° Sec_1for normal incidence
of solar radiation (CRAIG, 1965). Solar ultra-violet radi-
ation shorter than A = 1000 A deposits about 3 ergs cm

sec_~1 energy atsunspot minimum ( ALLAN, 19653 HINTEREGGER,

1965) between 95 and 250 km.

Organised circuletions contribute to the heat balancé
of this region. JOHNSON AND WILKINS (1965) estimate thaﬁ
about 5 ergs — sec” | energy is transported downwards across
400 km, by thermal conduction and turbulent neat transfer.
Verticel transport of atomic oxygen carries down an additional
3 ergs o 2 scc~ V. If all this energy, crossing the 100 km

level, were made available for heating the 80 — 100 km region,

o B :
an average heating of 10 X day 1 would be estimated. However,

most of the atomilc oxygen recombinés pelow 80 km, where it
makes little contribution to the net heat balance (COLEGROVE
BT AL., 1965). Also a large fraction of the energy 18 radiated
away , particularly in the OH bands of night glow, which accounts

for about 2 ergs — seo ', This corresponds to & colling

ate of 2 K day | et 90 k.

1.5.2 Dynamical Encrgy Sources

At altitudes above 100 km, sdditional sources of

heating, such as propagating waves carrying dynamicel energy
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_upwafdzthrdugh fhe,méSpsphere,»arezavailable (HINES, 1960,
1963, 1965). It has been shown that the heating due to the
dissipation of these waves by molecular viscosity and thermal
conductivity is sufficient to modifi temperatures in the E-
region and to account for the very rapid rise of témperature

in the lower thermosphere.

HINES (1965), using vertical wind profiles (KOCHANSKY,
1964), estimated that the dissipetive heating associated with
gravity waves (whiqh have periods of a few minutes to a few
hours and spétial scaleg of & few km to some tens of km in
the vertical direction and some hundreds of km in the hori-
zontal direction), is about 10 °x day'—'1 at 95 km level, incre-
asing to 100 °x day—1 near 140 km. More recently, ZIMMERMANN
AND ROSENBERG (1971) have calculated the rate Qf'viSoouS dam-
ping from 70 mid-latitude wind profiles, which show large
energy contribution near 95 km, tapering—off at higher alti-
tudes. They estimate this source to be four times greater

than the S-R continuum absorption in that region.

LINDZEN (1967 A ) has estimated that the upward flux

of energy assoclated with diurnal tide is 7 ergs onf2 sec«1

at the equator, and fells to less than 1 erg cn 2 sec | out-
gide the tropics. The heating due to this tidal input may be
comparable to those of gravity waves. Most of this energy is

likely to be dissipated between 80 and 105 km, though its

\
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exact height offdeposition'is more difficult to assess (HINES,
1965) . LINDZEN ANWD BLAKB (j970) have shown how the thermos-
pheric temperature profile islmodified by the tidal energy
input im comparison tq heating by solar ultra-violet radia-
tion. The gravitational tides of sﬁn and moon, but for their
historical importance, are very minor sSources of energy input

in the upper atmosphere.

HINES (1965) has further discussed another kind of
‘heating associated with these waves, viz., the 'reversible
heating'. Until dissipation becomes severe in any given mode,
that mode produces reversible, adiabatic heating as one facet
of its oscillation. Temperature fluctuastions of + 10 K in the
lower E-region, and + 30 OK at 110 km can be expected accord-
ing to his estimates. HOOKE (1969) has advenced the concept
of these temperature oscillations to explain some of the
anomalous Thomson scatter temperature observations below
130 km. DESAI AND NARAYANAW (1970) have reported negative
temperature gradients below 150 km, which could probably find

an explanation in terms of reversible heating.

The planetary waves, of global scale and with periods
of days, carry an upward flux of about 1000 ergs o2 sec” |
fron $roposphere (CHARNEY AND DRAZIN, 1961; DICKINSON, 1968),
from which flux at meteor levels of one erg e sec” | is

. . . . . ' -1
inferred. This implies winds 1n excess of 100 m sec at
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1001km_due"to fhese.sQurces, but the observed values are only
about 10 In‘Sec—-1 (GREENHOW AND NEUFEID, 1960). The discrepancy
is explained by the reasoning. that planetary wave energy
resides in modes of smaller horizontal scale and these are

4 severely reflected below mesopause. In middle latitudes, it

has a maximum in spring and fall.

The smaller scale gravity wave spectrum reaching alti-
tudes of 90 km or so is' thought to be the primary cause for
the production of turbulence at these heights. Mubh of the
irregular motion §f the upper atmosphere, which was at one
time ascribed to turbulence, is now explainsble by gravity
waves. The power dissipated by turbulence in the 90-100 km
regiom, according to estimafes based on direct observational
data (GREEWHOW, 1959; BLAMONT AND DE JAGER, 196%),.is about
107% watts kg"1. There are indications to show that there is

1ittle turbulence above 110 km.

The residual energy, due to all theseAwavesﬁ that
reaches F-region heights, has been estimated to be about
1 erg cm 2 SQC—T. This may contribute to a sizable extent
in determining the heat budget at these levels. The propa-

ation of these waves have profound effects in the ionosphere

and have been studied by several investigators'(ego DAVIS,

1973 ).
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1.5.3 . Joule Heating

The currents, that are driven by tidal winds in the
dynamo~-region of the ionosphere, produce joule heating. COLE
(1962 A,B ) estimates a dissipation, due to these currents,
of 0.05 erg cn™? sec” ! around 140 km, which is compatible with
HINES' (1965) semi-diurnal tidal flux. HINES estimates, though
with uncertainty, that these currents produce a heating of.

L 3
about 25 K day 1,

The effect of Joule heating for exciting tidal modes
and gravity waves has been investigated ( BLUEMAN AND HENDL,
1969; STENING, 1970). SASTRY ®T AL. (197%) have explained
their observations of abnormal electron temperature measure-
ments at equator as due to jJoule heating. The equatorial ele-
'cfrojet es & source of gravity waves has also been proposed

(KNUDSEN, 1969; CHIMONAS,1970).

1.5.4 Auroral BElectrojet, Particle Precipitation etc.

Tn addition to electric currents flowing in the undis-
turbed ionosphere, large currents flow in the auroral zones
at times of magnetic disturbances. The joule heating-re8u1t~
ing from fhe large auroral electric fields during magnetic
' -1

storms have been estimated as some tens of ergs cm gec

(KENNEL AND REES, 1972) .
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. Energetic partic1659 rightffrom auroral to cosmic ray
energies, constantly‘bombard the upper atmosphere. This pheno-
menon 1is more pronounced at high.and auroral latitudes. Energy
deposition assobiated with these energetic particles in an
acti&e aurora can exceed, at times, solar BUV flux by a factor
of over a hundred. BELON BT AL. (1966) find a total energy
deposition rate of 380 ergs om_z sec’ ' during storms from
observations of %914 K emission. MOE (1967) has rcported heat-
ing associated with corpuscular radiation from observations of
.densities derived from the spin decay of Explorer 6, and ‘finds

correlation with the daily planetary magnetic index aye

The large asmounts of energy, both particle and field
contributions, are deposited in the lower thermosphere and
causce large scale dynemic motions that result_in the overall
global heating associated with magnetic storms (HAYS AND ROBIE,
19713 HAYS BT AL., 1973). COLE (1971), and FEDDER AND BANKS
(1972), have studied the thermospheric winds induced by auroral
electrojet heating. At times of magnetic storms and active
suroral displays, it has been shown (CHIMONAS AND HINES, 1970)
that energy might be trans@orted from the auroral zones to
lower latitudes by gravity waves and thereby ﬁrovide excesgsive
heéting, SMITH (1968) has presented observational evidences
from vapour release experiments of strong thermospheric winds

during geomagnetic storm at as low a latitude as Hawaii (23 N).
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Energy releases in the upper atmosphere during some geomagnetic

storms have been discussed by KRASSOVSKY (1972).
1.6  MOTIONS IN THE UPPER ATMOSPHERE

Motions in the uﬁper atmosphere, as in the lower, OCCUT
on space and time scales that rangelfrom general circulation
to turbulent eddies. Intermediate between these two extremes
. 1ie the oscillatory motions (wave motions) induced by tides
and the gquasi-oscillatory motions of shorter-period internal
gravity waves. Thus superimposed on the geostrophio.and ther-

mal wind, which constitute the prevailing wind, are the winds

caused by various other agencies. The aifferent types of motions

at thermospherilc levels may be summarised as followss:

i) Prevailing winds, of global scale, driven by
long-lived pressure inequalities, verying with

the seasons.

ii) Thermospheric winds above about 100 km, driven
by pressure inequalities due to short-term
temperature veriations. Though, these can be
classified under tidal waves, they are usually
not treated so because they can be discussed

otherwise without the compliceted tidal theory.

1i1) Planetary waves with periods of days.
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iv) Tidal waves, of global scale, with periods of
solar and lunar hours, primarily the solar

tides.

v) Internsl gravity waves, with periods from a few
minutes to a few hours, and scale sizes ranging
from a few km in the vertical direction to some

hundreds of km in the horizontel direction.

vi) The turbulent motions, which serve as sinks of
energy. Large—scale motions are degraded into
small-scale motions and lost as heat. These are,
however, not observed above about 105 kum:

(BLAMONT AND BARAT, 1967).

1.6.1 MNeasurement of Upper Atmospheric Movements

Methods used for determining upper atmosphefic movements
can be divided into two classes, one concerned with the motion
of the neutral atmosphere and the other with the motion of the
ionised media. The relation between these two,‘the relative
importance of various components of motion and thc comparison
of experimentasl results are the main points of intercst in the
study of upper atmospheric motions . These studies are compli-
cated by the fact that there is often uncertainty involved as
to the nature of the motion.that is being measured. Although
 there.are definite diurnal end scasonal treﬁds in motions,

there is yet conflict as to the physical interpretation of these .



. The principal methods of measuring winds in the neutral
atmosphere at ionospheric heights are discussed under two

headss
i) Methods employing ground-based equipments.

ii) Methods using sounding rockets and other

vehicles.

FIG 1.2 shows the range of heights over which the various

methods are used.

1.6.2 Ground-based Methods

a) Visual Meteor Method

The high-energy meteors entering the dense regions. of
the atmosphere - in the 8@ to 110 km region-produce a dense
ionised trail lasting from e few seconds to cven a minute.
Meteoric particles of very high energy also produée-viéible
trails in the atmosphere. Such trails become distorted because
of winds. Their motion can be photographed and followed from
the ground. This.method is, however, applicable only during
night-hours and when the trails are sufficiently brighto.A
brief survey of the resulté obtained by visual-meteor method
has been given by LILLER'AND WHIPPLE (1954) end MILLMAN (1959).
Since 1955 this method has lost importance because of the \

radio-meteor method.
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b) Radio Meteor Method

.The.main advantége‘of'this method Qver,the.optical
method is that, by having sufficieﬂtly powerful radars, it can
track the fainter trails produced by smaller meteors which are
unsuitable for optical observations. This'method cén be used
during all hours of the day to study many more meteor trails.
This is, thus, the most powerful method for the resolution of

different tidal modes and gravity waves near the 100 km region.

The wind speed is measured through the Doppler shift

" that the drifting méteor trail produces in the returned elec-
tromagnetic signal. ELFORD (1959), GREENHOW AND KEUFELD (1961)
and CRAIG (1965) have reviewed the radio-meteor results at
Jodrell Bank and Adelaide. Despite being a powefful tooi for
studying the upper atmosphere in the 80 to 110 km region, this

technigque has been used only at a few centres.

A new radar has been set up (SPIZZICHINO BT AL., 1965)
which employs a continuous wave technique in conjunction with
carefully isolated,receiving and transmitting sites. Measure-
ment of Doppler shift and‘positidn ore made in terms of phase.
V Greater precision and high echo rates are obtainéd in this
system. Results obtesined from this radar have been published
by REVAH (1969) and SPIZZICHINO (1969 A ). Theoretical studies,
based on these experimental observations, of intewaction of
different Waﬁe components at meteor heights have been reported

by SPIZZICHINO (1969 B,C, 1970 A,B).
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. Besides measurement of winds, the radio-meteor method
has been used for the study of turbulencé, wind shear and its
variation with height (GREENHOW, 1959; GREENHOW AND NEUFELD,

19603 REVAH AND SPIZZICHINO, 1964) .

¢) Noctilucent Cloud Method

Noctilucent clouds are generallj observed during twi-
light hours in the latitude range of 500 to 65O and probably
consist of small dust and ice particles. These are formed in
the altitude range 70 to 90 km but usually around 82 km.
Reviews of their properties and behaviour have been given by
POGLE AND HAURWITZ (1966). The observations of their movements
have been made by photographing the clouds from the ground 4
(WILT, 1962). The clouds show both bodily movements and wave

motions (HAURUITZ, 1961).

d) Airglow Method

From Photometric scans of night sky AS5577 A and 6300 A
oxygen (0I) ewmission lines, the study of irregularities of
isophotes on spatial scale have been made. These irregularities
have been'interpreted as being due to neutral winds (ROACH ET
AL., 19583 TOHMATSU AND NAGATA, 196%). This method has not yet
proved itself as a usefui tool for the measurement of upper

stmospheric winds.
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e) Satellite Drag Method

One_particular.perturbation-of Sétéllite motion, namely,
a progressive change in the inblination of the orbital plane
to the éarth's equator, has been shown to be due to the prevai-
ling motion of the air (MERSON ET AL,, 1959), From the analysis
of many satellite orbits,it has been deduced that the neutral
air, at heights between 150-400 km, has a net prevailing east-
ward velocity of the order of 100 m Seci1, a'phenomenon that
has come to be known aé "Super Rotation”‘(KING—HELE, 1964,
19723 KING-HELE AND ALLAN 19663 RISHBETH, 1972 A ). However,
this method of determining atmospheric motions from satellite
drag gives only the zonal velocity and also suffersvfrom

accuracy. Transient phenomena can not be studied by this

me thod.

1.6.5 Vehicle-borne Methods

a) Pilot Tube Method

This method consists of placing pressure gauges at
various points on the surface of the sounding rocket. Though
mainly used for the measurement of atmospheric density, tempe-
rature and.pressure, AINSWORTH ET AL. (1961) have demonstrated
the potenfials of this method for measuring atmospheric winds

upto 110 km.



'b) Rocket Grenade Mebhod

Detonation of.highly-explosive'grenades in the upper
atmosphere and the detection of thé resulting acoustic wave
nas been used for the determination of atmospheric temperature
and winds upto an altitude of about 100 km (GROVES, 1963 Aj
ROSEWBERG, 1966). The explbsions of grenades at regular inter-
vals along the rocket trajectory are detected by an array of
ground-based hot-wire microphones. Comparison of travel times
and distances leads to average acoustic velocity Qvef the
height interval between the explosions, from which the tempe-
rature and horizontal wind velocity are defermineda Above about
100 km, the size of the grenadeé required to produce detectable
sound at groﬁnd becomes large, but despite these difficulties,

PROCUNTER (1967) has made measurements of echoes upto 107 km.
1.6.4 Chemical-releage Method

The relative simplicity of this method as compared to
most sounding rocket programs, as well as the visual display
of this method, has contributed to its widespread use. The
motion of oontrolied chemical releases is observed from the
ground (by photographing them agéinst a background of known
stars) and interpreted as direct measurements of thermospheric
winds. Observations have been made from numerous locetions
using vapour trails, point-cloud releases and multiple-cloud
releases, séparated in both space and time. Objectives in

these experiments have been



1) measurements of winds and diffusion from the

motion andigrowth_of'the cloud respectively,

ii) determination of temperature, density and other
atmospheric parameters from scattered or emitted

radiations from the cloud, and

iii) the relation of neutral and ionised species
and the study of electric fields from the

drift of neutral and ionised olouds.A

Following the suggestion by BATES (1950), who advocated
the use of thisvmethod for upper atmospheric studies, the
first chemical release in the upper atmosphere was a continuous
trail of sodium vapour ejected over New Mexico on 12 October
%955 during an evening twilight (EDWARDS ET ATL., 1956). Since
that time nundreds of releases have been made using sodium
and various other chemicals,e.g, Lithium, Potassium, Nitriq

Oxide, Barium-Strontium etc.

41keli and alkaline earth-metal releases rely on the
resonant scattering of sunlight from the material and are
thus useful ohly during twilight hours for photographic trac-
king and observation from the ground. The technigue itself was
greatly advanced by the introduction of trimethyl aluminium
as o trace material, which permits the detection of thermos-
pheric motlons even during night-times because of its chemi-~

luminescence
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| | This technique mfAﬁroducing ohemi—luminescent trails

S in fhé aititude regibm 80-150 km fbr the study ofbnight—time

neutral motions by the uée of gaseous aluminium compound was

suggested by ROSEWBERG ET AL. (1963 A, B). The photo-chemical
action of atomic oxygen at these heights with trimethyl alu-

mihium gives a luminescent glow; probably according to the

following mechanisms

™A + O -—» Al1O + radicals

A10 + O Alog*

}

*

5 —3 A10

A10 + ha (continuum) .

2

TMA conbtinuum emission is in the wavelength range A 4500 -
6500 K. Canisters and payloads for producing TMA trails have
been discussed in detail by CORMAN AND GUARINO (1965). The

use of this technique has been markedly enhanced by the intro-
duction of gun—launched vehicles to lay the trails (MURPHY

ET AL., 1966); with théir accuracy and reproducibility of
trajectory, and their relatively high repetition rate and
modest cost, they have introduced the realistic possibility.

of a synoptic study of sequential wind profiles.

The Ba-Sr vapour release technique was developed firet
a4t the Max Plank Institute (FOPPL BT AL., 1965, 1967). A
mixture of Ba and CuO, with an excess of Ba is evaporated,

resulting in vaporised barium. The vaporised barium, released
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: ‘in'thevupper atmosphere gets ionised by the action of solar
ultfé-violet rays and this céuld be identified as a cigar—
shaped clbud, stretched along thé magnetic field lines. The
‘ionised Ba cloud and the barium which combines with the oxygen
of the atmosphere (generally below 150 km) and forms BalO, are
visible by resonant scattering and can be used to study ionos-
pheric electric fields and neutral atmospheric motions. Stron-|
tium is always present.as an impurity in the Ba metal, and
because of its good evaporation efficiency, a neutral Sr cloud 5
is also formed. The emissions from the ionised barium and
neutral Ba~Sr clouds have been discussed in defail by HASER

(1967), and BABER BT AL. (1971). Some of the principal lines

of emission are

Ba I 5535 R
Ba TT 4554 %, 4934 %
Sr T 4607 8 .

The Ba0O has a band spectrum with band heads between 5200 2

$o 5300 % for the sequence Ait=

Chemical trail release is an unique method for obtai-
ning a highly accurate and detailed vertical profile of the
horizontal wind over a large altitude range. Sunlit alkali and
TMA releases during twilight have been used for the me asure-
ment of atmospheric movements at altitudes between 80 and

250 km; chemi-luminescent trails allow measurements from
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ning a highly accurate and detailed Vertical profile of the
horizontal wind over a large altitude range. Sunlit alkali and
TMA releases during twilight have been used for the measure-
ment of atmospheric movements at altitudes between 80 and

250 kms chemi-luminescent trails allow measurements from
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90 to about 150 km'altitude during the night. Height resolu-
tioﬁs rahging from a:fraction of a km at 100 km to a few kms
around 200 km can be achieved. Aécuracy of wind measurements
‘ranges from a few m secaj to about ten m sec” | in the above

altitude ranges.

Serious limitations of the wvapour trail method are that
observations from atleast two known sites are required to deter-
mine the space-position of the release by triangulation, and
that the atmospheric seeing conditions have to be perfect, as
it is an optical method. Besides, this technique 1is applicable
only during twilight and night hours (in a narrower altitude
range), though recently new techniques for tracking lithium
tfails during day-time with a differential photometer employing
narrow-band interferenée filters have been developed (BEDINGER,
1970 Ay BEST, 1970; RBES ET AL,, 1972 B). BEDINGER (1973)
reﬁorts photography of vapour clouds during day-time, téken
from aircraft flying at 40,0007 altitude and using 10 2
band-width filters. The above techniques are expected to ful-
fil the great need for knowing the déy*time winds in the
thermosphere, and also to extend the usability of the vapour

cloud method as an all wegther method.
1.6.5 Methods for Determining Plasma Motiopns in the Tonosphere

KENT (1970) has described exhaustively the various

methods, their limitations etc.,for measuring the ionisation




: 56

- movements. A few of the important methods are described in
~brief in the followihg.

a) Spaced Receiver Method

- The diffraction pattern observed on the ground from the
radio waves refledted from the ionosphere is interpreted in
terms of motions of irregularities (MITRA, 1949). This radio
method has been used extemsively to measure apparent motions
~of large scale ionospheric irregularities in the E- and F-
regions (KENT AND WRIGHT, 1968; BRIGGS, 1972). Déspite the
vast data gathered, the relation of the measured drifts of
the irregularities to the neutral wind motions at the same
height is still dn_a doubtful premise (HINES AND RAGHAVA RAO,
1968). This method also suffers from the disadvantage that
it is extremely difficult to locate accurately the height at

which the motion is being measured.

b) High-frequency Doppler and Phase-path Method

These two related techniqgues are very ugeful for study-
ing short-period perturbations in the thermosphere, such as
~internal and acoustic gravity waves and infraéonic waves. The
observed iso-ionic contours are interpreted as closely corre-
gponding fo the causative wind-oscillations in the neutral
méidumu High time~resolution studies on the structure of short-
period disturbances are possible with these techniques

(VINCENT, 1972),

|
|
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c) Incoherent Scatter Method

"This‘technique)'whioh is one of the most powérful tools

for studying the ionospheré to high altitudes, has been deve-

Loped during the past 15 years (GORDON, 1958; EVANS, 1969).
Precise measuremeﬁts of the frequency spectra of signals inco-
heréntly scattered by individual électrons reveal shifts caused
by macroscopic motions of the ions. The chief merit of this
system is that many parameters,such as, electron and ion
temperatures, ion velocity, electron density etc. can be simul-
taneously measured and the needed information on dynamical

effects can be obtained.

This method can be used to derive neutral winds at alti-
tudes of 90 km and aboye. Abdve 140 km, however, only the meri-
dional component (along the magnétic meridian) can be obtained
with this technique. A recént review of ionospheric movemen ts
by this technigue has been given by EVANS (1972). This method
has a good time-resolution (10430 mins) and height-resolution

b( ~~~~~ -10 km) and shows great promise for the future.
1.7 OBSERVATIONAL RESULTS OF WINDS IN THE UPPER ATMOSPHERE

In.the thermosphere, from about 100 to 200 km, data
on winds are very meagre, and till today the information on.
atmospheric movements is not adequate for its full understand-
ing. Turbulence is less evident at heights beyond about 105 km

and it seemsilikely that atmospheric motions can be interpreted
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in terms of -the three main components ~ a general circulation,

tidal movements and internal gravity waves.

Most of the results in this region have been obtained
through'the vapoﬁr release method. The experiments conducted
so far are insufficient in number for a olear»dissemination of
the motion into the various components. Many workers have
reviewed and compiled bibliographies of wind results by this
technique (BEDINGER 1966, 19715 SWIDER, 1971). Most of the
observations are from northern mid-latitude statioﬁs and below
150 km altitude, with Wallops Island (38° W), Eglin (31° W)

[o]
and Woomera (32 8) providing the bulk of the data.

Speeds of over 100 m sec_1 and large vertical shears

in wind velocities below 140 km have been reported from the
study of vapour trail releases. Space- and time-correlations
‘of winds in the 100-150 km altitude region, by sequential.
trail feleases, have been reported (ROSENBERG AFVD JUSTUS,
1966) . ROSENBERG (1968 A,B,C) analysed over T0 mid-latitude
trails and found an rms wind speed of 45—7Onﬁec~1, rms shear
of 0.004-0.02 Sec—1 and a transition from turbulent to laminar
flow between 100 and 115 km. Wind shears upto 0.1 sec—1 have
also been feported, Above some 140 km, the wind profiles have

be~n shown to be more regular.
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1.7.1 Periodic Components and Wayves

Metebr data from Adélaide and Jodrell Bank (HAURWITZ,
1964) have provided unambiguous resolution of the obsefved
wiﬁds.inté the various tidal Comppnents at the 100 km level.
Using an altitude scale,)Y , normalised with respect to the
neutral scale height, H, defined in the form (as suggested

by MACLEOD)

2.
b = ‘S A

80
the vertical variation of neutral wind profiles have been
studied from vapour cloud data (ROSENBERG AND JUSTUS, 196€;
REES ET AL., 1972 A; LLOYD ET AL., 1972). This has been shown
to be a convenient method of studying the regular and random
components of any wind profile. The auto-correlation of the
profile permits an estimate of the dominant vertical wavelength,
which in turn is interpreted in terms of the dominant propaga-
ting wave. The cross-correlation of the zonal and meridional
profiles can be used for inferring the phase advance of one
over the dther, which is in essence the rotation of the wind

vector due to a propagating tidal mode (ROSENBERG AND EDWARDS,
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1964) . LLOYD BT AL. (1972) report domlnance of (1,1) mode. in
the morning and (2 4) mode in the evening from auto—correla—v

tion studies of yapour trall releases OVer WoomeTra.

HINES_(1966) nas suggested yet another method for
extracting the tidal components, primarily diurnal, from the
gawn and dusk wind profiles, ond has shown the (1,1) mode O
be important up toj120 ¥m altitude. Pollowing this me thod, and
the one suggested.by GROVES (1959) for meteor winds, WOODRUM
AWD JUSTUS (1968-4) and WOODRUM BT ADL. (1969) have calculated
the vertical wavelengths and pnases of various components in
tne 90 to 130 km gl titude region frow the vapour cloud data.
gpecific jdentifications of (2,4) and (2,6) modes have gls0
peen claimed (ZIMMERMANN ARD MARKOS, 1966) Tncoherent scatter
observations of ion grifts have been analysed TO study the
height structure of meridional tidal winds in the jonospnere

( AMAYENGC AND REDDY, 19723 AMAYENC Bp AL., 1973):

KATO (1966 A,B) and LIﬂDZEN (1966 A) independently,
and almost simultaneously, theoretlcally predlcted the exis-
tehce of diurnal negative modes which are evanescen® in the
vertical girection. These stulise are now able to explain the

contrastimg.dominanoe of diurnal and seml—diurnal tides 1n

e e ey R e e v e rrere, o T T e el - M—w—-m’ e

* In (n m) mode, n denotes the 1atitudinal, and m, the longi~
fudinal structure of the wave pattern; ©&: tne (2,4) mode
denotes semi~divrnal tide with (m-n) 1.©- 42 = o nodes

e tween pole O pole in the oscillation.
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the middle (Adelaide 35° S) and high-latitudes (Jodrell Bemk
3 52o N), which were inferred from meteor observations (HAURWITZ,
1964) . KATO, further showed that these could well explain the
geomégnetic sq variations.~Theée results have arousedvinterest
for a renewed study of the diurnal tide, which had hitherto

been considered insignificant compared to the semi-diurnal.

The observed profile often hs8 the fdrm of a large
spiral in which the sense of rotation, when viewed from abové,
is clockwise in the horthern hemisphere, and in the opposite
sense in the southern hemisphere. ROSENBERG AND JUSTUS ( 1966)
have emphasised this feature.in experiments conducted from
Bglin (30o N). Results from equatorial- and low-latitude
locations (BHAVSAR AND RAMANUJA RAO, 1968; SHAFI AHMAD, 1967)

have shown a mixed behaviour.

The spiral structures have often reversals in direction
and the profiles appear to be highly stratified such that
directional changes‘ocgur in small height intervals which are
separated by regions of little change. BEDINGER ET AL. (1968)
have shown, from the study of Wallops Island (380 W) obsefva—
tions, that smooth spiral pgtterns are associated with large
wind speeds, and irregular patterns with low speeds. Similar
studies have been reported from Yuma (350 N) and Barbados

(12o N) observations ( MURPHY AND BULL, 1968; MURPHY, 1969) .
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) StudieSjof tempprél variations of winds are severely
restriéted by the inaﬁility to.observe‘winds'during day time.
However, several series ofrobservations have been made through
the night in the.8O to 150 km'altitude region (ROSENBERG AND
EDWARDS, 1964 RQSENBERG ET AL., 1964; MURPHY AND BULL, 1967,
1968) to study these variations. Sequences of TMA trails have
revealed sinuous patterns of wind structure moving downward
in time and have been interpreted as manifestation of tides
~ (SMITH, 1972). Winds measured at tropical latitudes ( MURPHY
AND BULL, 1967, 19683 MUR?HY, 1969) have been shown to exhibit
a rotating wind vector pattern, with meridional wind vector
contour descending during the night in contrast to zonal wind
cOnfour.. The rate of descent could be used to infer the

dominant wave motion.

ROSENBERG AWD JUSTUS (1966), from simultaneous spati-
ally éeparated observations, have deduced horizontal wave-
lengths of the order of a few thousand km. From up-and-down
trails, lower limits for horizontal wavelengths have been
inferred (BHAVSAR AND RAMANWA RAO, 1965; BEDINGER ET AL.,
1968) . BLAMONT (1963) has reported the observation,during

he same twilight,of two nearly identical profiles separated

by about 650 km.

1.7.2 Irregular ¥inds

The irregular wind structure, revealed by vapour

trails above 80 km, have been attributed to internal gravity
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waves (HINES 1960, 1963) and have been analysed in detail
(KOCHANSKY; 1964, 1965;‘1966) to estimate the gravity wave
contribution. The smallest #ertiéal wavelengths present in
the data have been identified by ZIMMERMANN (1964) and shown
by HINES.(1964 A) to bé'consistent with the small scalevout—
off of the gravity wave speotrumoAWOODRUM AND JUSTUS (1968 B)
detefmined an rms irregular wind maximum of 60-70 m sec“1 near
102 km with a characteristic Vertical wavelength of 16 km
(JUSTUS, 1970). Analysis of a number of trails has revealed
"that vertical Wévelengths exceeding 5 km contain by far the
greater portion of the energy in the 90-140 km region (NOEL,
1966). LINDZEN (1969) has discussed the.necessary information
vital to a proper description of tides and gravity waves from

the vapour cloud observations.

The globular structure of the wvapour trails below about
105 km has been attributed to turbulence. BLAMONT AND BARAT
(1967) report a sandwich Strﬁcture of turbulence in the 80 to
100 km region, with alternate layers of turbulence and its
absence. EBddy diffusion coefficients have been estimated from
many vapour trails (ZINMERMANY AND CHAMPION, 196%; COTE, 1965,
1967). LAYZER AND BEDINGER (1969) strongly maintain that the
vapour traii structure observed in the lower region is not
an indication of turbulence and that the irregular noise-like
component of the horizontal wind cannot be.desoribed adequately

by linear theories involving turbulence and gravity waves.
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They suggest'an alternative explanation.ascribing the irregular
componént’to the non-linear reSponse of the upper atmosphere
and holding that tidal energy alone is needed to explain the

observed behaviour.

1.7.3 Vertical Winds

Veftical winds are considered to be much smallef in
magnitude than the horizontal ones, and their determination
needs a careful examination of the profiles. Spherical clouds
and point-releases would allow easier measurements of vertical
motions. EDWARDS ET AT. (1963) have deduced vertical velocities
upto 13 m sec” ! in the 97 to 111 km region from motion of
identifiable globular structures. MACLEOD (1969) has reported
vertical anelength of 9 km in vertical winds and that'vertioal
shear of vertical wind is comparable fto vertical shear of
horizgontal wind. REES (1969) from a study of 17 wind profiles
reports rms velocity and wavelength of 10 msec_1 and 7 km

respectively near 100 km, increasing to 30 m sec—'1 and 40 km

near 180 km.
1.7.4 Observations During Storms snd Disturbances

Tndividual magnetic sub-storms have been observed 1o
produce neutral wind speeds of over 500 m ssecf1 in the'height
range of 130 to 150 km (RBES, 1972 B). FEESS (1971), from
LOGCAS measurements, has reported wind velocities in excess

of 1000 m seo—1 at high latitudes during magne tic storms.
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A strong correlation between east-west wind, Vs and the mean
local ground magnetic perturbation of the previous two hours,
/\x, has been established by REES (1972), from his auroral

- zone megsurements, of the form

VE= - 205& X e

It has been shown that the wind disturbances can propa-
gate to mid-latitudes in the night-hemisphere and can produce
large neutral wind speeds on a global scale. thomson scatter
observations Qf F—region,during stroné magnetic storms, have
been interpreted as internal gravity waves originating from‘
auroral gzone. (VASSEUR AND WALDTEUFEL, 1969; THOME 1968) . SMITH
(1968) has reported strong thermospheric winds at Hawaii (230N)
during a geomagnetic storm. REES (1972) has compiled the obser-
vations available for winds during disturbances and has proposed

a model for these conditions.

HICKS AND JUSTUS (1970), from a correlation study of
winds in the 90-140 km region with Kp,'sunspot number and
solar flux, suggest a dynamo type of interaction below 110 km,
in which atmos?heric circulation variations cause changes in
the geomaghetic field strength, and a motor type of interaction
between the solar corpuscular radiation and the winds aboVe

110 km.



1.8", INTERACTION OF WEUTRAL AND.IONISED ATMOSPHERES

It has long been appreCiated fhat'the ionospheric plasma
and neutral air exert forces on each other as a2 result of colli-
sions between charged. particles and ﬁéutral atoms. The drift
of ions with neutral air takes place till Ji,, the ion-neutral
collision frequency, is greater than cdi, the ion gyro freque-
ncy, which hélds upto about 140 km in the upper atmosphere.

The influence of neutrals on electrons is lost at altitudes as
low as 70 km, because of the latter's small mass &and the conse-
quent large gyro frequency. At altitudes above 150 km, neutral
winds in the magnetic meridian move the plasma up and down fh@
~field lines with velocities comparable to those due to ambipolar
diffusion and electric fields, thus éffecting the ilonisation

distribution.

Tonisation drags the neﬁtral particles with it at the
F-region heights, and this is an important force in the consi-
deration of gtmospheric wind systems at these heights, parti-
cularly during day time. Because of the much larger neutral
to-ion density ratio below 200 km, the influence of ions on

neutrals is inappreciable in this region.

There are many situations in which interaction between
charged particles and neutrals takes place depending on the
height. The more important ones among them are, the Mid-lati-

tude Sporadic E, the Dynamo Currents and the F-region Vind



System. FIG_1,6-schematically illustrates these three phenoména
and in the sub—seotionslto.follow, a brief account of them is
S given.

1.8.1 PSporadic B

| Tonosonde often detects dense layers or patches of
1omlsat10n in the BE-region at heights around 100 to 120 km,
which do not seem to be related to the normal day-time E- 1ayer.
Such patches of ion-electron clouds are called sporadic E or
By because of their irregular behaviour. Sporadic E has been
atudied with ground-based ionosondes and backscattér methods.
‘General reviews of Eg formation, its morphology and other

properties have been discussed by SMITH AND MATSUSHITA (1962,

1066), WHITEHEAD (1970) and MATSUSHITA AND SUITH (1972).

The observafions of horizontal winds in the neutral
air in the E—régiOHAsuggest that large vertical shears are
of ten present. WHITLHEAD (19€1, 1967) has shown that the shears
can redistribute the E-region ionisation and lead to the
formation of dense layers. FIG 1.6 (a) illustrates a situation
in which a veitical shear of east-west wind produces an ES
layer. The wind drags with it the positive ions for which
collision frequency with neutrals, 2;,, 18 greater than 1its
gyro-frequency, (». . The ions experience a Lorentz force
(v x B) and are driven at an angle to the wind velocity so

that they acoumalato within the shear. The electrons, unaffected
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by.the wind are, however, constrained to move along the field
lines in such a'way as to neutralise the space charge set up
by the ion motion and the accumulated layer thus consists of

neutral ionisation.

It has been shown (WHITEHEAD, 1961; HINES, 1964 B) that

the vertical component of ion motion is

where I is the dip of the field lines to the horizontal and

uyis the eastward wind blowing normal to B.

An earlier suggestion by DUNGEY (1956) depended on the
vertical motion produced by a north-south wind. The resulting
-vertical drift can be shown to be dependent on the small ratio
nykyﬁ, as compared to U&/L@, for the east-west Shears, At
F-region heights, this drag will be more effective, but large

wind shears are not known to be present/at these heights.

MURPHY ET AL. (1966) and WRIGHT ET AL. (1967) have
shown many -instances of correlation of E-region shears observed

by chemical releases and sporadic B seen on ionosonde records.

1.8.2 TIonospheric Dynamo Currents

Tidal wind motions at E-region levels can give rise to
electric currents because the electrons and ions,embedded in
the neutral gas, have different mobilities. The currents, in

turn, give rise to space-charge distributions in such a way
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.fhat'theAresulting electrostétic fields maintain a divergence-
free current system on,é global scale (MAEDA AND KATO, 19663
MATSUSHITA AND CHAMBELL, 1967). In FIG 106'(b) the global .
vcurpent system is shown; the oné on the left represents the
day-side current system and the one on the right corresponds

4

to the night-side. Retween two neighbouring streamlines 2 x 10

gmperes of current 1s flowing.

The magnitude and distribution of the currents, and the
associated electric fields are primarily determined by the
global distribution of neutral winds. lany of the apparent
"snomalies, in the geomagnetic daily-variations, may find an
explanation in terms of the complexX wind motions at dynemo-
region heightsa Prom the observed geomagne tic daily-variation
at ground, MAEDA (1955, 1957) end KATO (1956, 1957 ) have
derived the diurnal and semi-diurnal tidal wind systems at

E-region heights on a global scale.

The electric fields at E-region levels arc communicated
_to F—region‘heights albng the highly—conducting magnetic field
lines. The ioné‘énd slectrons drift together with a velocity

" ®/B where E is the clectric field. These F-region electric
Vfields; communicated from E-region, have been invoked to
explain some of the F-region behaviours, €.&- P-region verti-
cal and norigontal drifts ( WOODMAIT, 19703 EMLSLEY, 197%), the
equatorial anomaly (MARTYN, 1947, 1955), etc. REES BT AL.

(197% 4A), from simultaneous measurements of T-region drifts,
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determined by spaced receiver method and barium ion cloud

i

movements, and from a study of ground-based magnetograms, report |

these two methods.

1.8.3 F-region Plasma Motions

|

|

|

|

|

i

rather poor agreement between the.electrio fields derived from ﬂ
' 4
l

KING AND KOHL (1965) showed for the first time that ;
J

large winds exist at F-region heights, and that the moridional

component of these winds can 1ift the ionisation up and down

the magnetic field lines and also cguse an air-drag on the
ionisation movements, FiG 1.6 (¢) illustrates : g
the situation, where meridional neutral wind of magnitude U s
imparts velocities of U, 0082 I and Uy, cos I sin I to fhe

ioniseation along the meridional and Vertical @irectiqnsrespe-
ctively. Here, I, the dip angle, is the angle made by u, with
the magnetic field B. These meridional neutral windé_have

profound effects on the maintenance of night-time F-region ;

(discussed in detail in Chapter IV), and are also thought

to be the cause for the asymmetry in the equatorial anomaly

( THOMAS, 1968).
1.9 SCOPE OF 41HE PRESENT THESIS
The.study of +the neutral upper atmospheric parameters,

with the help of rocket-released chemical vapour clouds, was

initiated by the Physical Research Laboratory in 1963. The

purpose was to study the neutral upper atmospheric winds,
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ﬁurbulence; dénsity,'temperature and interaction of the neutral
and ionised upper atmospheres. The work was started by BHAVSAR
AND RAMANUJA RAO (1965, 1968) by releasing sodium vapour at

twilight hours for the determination oflwinds in the height

region of 80 to 200 km.

Initial observations, confined to- wind measurements by
means of sodium trails, were limit@lto twilight hours. Later,
TMA release technique was established, which permitted wind
measurements during night hours as well, thus giving a better
coverage in time for the measurements. The first fesults of
such a study, froﬁ three TMA relesses, apre presented and discu-~
ssed in detail in Chepter II. Twilight wind measurements, made

from Bariuvm-Strontium releases; and observational cvidences of
interactions of neutral and ionised atmospheres are also

discussed in this chapter.

The winds observed at any one particular station form
part of the global general circulation, which in turn deter-
mines the upper atmospheric dynamios° To get an overview of
general circulation, synoptic launchings of vapour cloud
releases were organised by COSPAR in 1964. The experimental
results obtained during these synoptic studies were, however,
inadequatelto draw any definite conclusions. In the present
thésis the author has made an attempt to put togéther, the
results of some 200 vapour cloud experiments conducted9 from

different locations over the globe, during the last 1% decades,
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iaﬂd has shown that- prevalllng winds flow with some rcgulquty
in the upper atmosphere Seasonal effcots above 150 km, and
diurnal effects above 180 km, have also been derived. These

studies are also presented in. Chapter IT.

In addition to the determination of winds, the wvapour-
release technique also permits determination of temperature
and density of the atmosphere. In earlier attempts of direct
temperature méasurements, by line-width determination of the
resonant scattered radiation by vapour clouds, large optical
thiékness of the cloud had vitiated reliable temperature esti-
mates. The aufhor; during the Ba-Sr cloud release experiments,
resorted to another technique which was an indirect method. In
this technique the diffusion coefficients at different heights
were first determined for the neutral clouds. A new analytical
method was evolved to derive atmospheric temperatures from the
measurcd diffusion profiles. A more accurate procedure for sky
back-ground correction in the diffusion méasurements was also
developed to take account of the bright and variable twilight
sky. These resﬁlts, and the methods of measurement form

Chapter IIT.

Because of the paucity of a sufficient number of rockets,
for the study of dynamics of the atmosphere, theoretical studies,
to derive winds were also resorted to and the study of winds
at F-region heights was undertaken. From the study of winds

.at F-region heights, it has also been pbssible to investigate
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theﬁdynamics of the ionosphere and’ the maintenance of the
\'nightwﬁime ionosphere;’A detailed discussion of the interaction
of the neutral and the ionised atmospheres from these investi-

gations, form the subject matter of Chapter IV.

The present study, thus, provides useful and reliable
observational and theoretical material for purposes of under-

standing the neutral atmosphere and F-region ionosphere.




CHAPTER TT -

WINDS IN THE NEUTRAL UPPER ATHOSPHERE

THE Space'Research Programme of India was started in 1963,
with the first rocket launch-from the International Thumba
Equatofial Rocket Laﬁnching Station (TERLS) carrying a sodium
vapour payload. Since then 15 rdcket experiments have success-
fully been carried out by means of sodium vapour, trimethyl
aluminium (TMA) and barium-strontium releases. These vapour
~cloud experiments at Thumba have been a part of an extensive
programme, undertaken by the FPhysical Research Léboratory,
Ahmedabad, for the study of the equatorial upper atmosphere,
including the ionosphere and the electrojet, by using rocke t~
borne and ground-based instruments and by theoretical investi-

gations.

" The résults obtained from the first six vapour cloud
experiments in the altitude region above 80 km carried out
during 1963-64, for the study of neutral upper atmosphere,
With sodium releases at twilight have been presented earlier
in detail (BHAVSAR AND RAMNUJA RAO, 1968). In the present
chapter, the first results of the measurements carried out
from Thumba, of the night-time winds at the equator in the

height region 90 to 125 km are presented and discussed.

The measurements of winds, during both morning and
evening twilightscarried out at Thumba since 1964 are also

presented and compared with the earlier results.

3
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'Neutral uppér atmospheric winds have been measured in
'mény"parts'of the world, using vapour cioud techniques from
widely spaced rocket stations. From the results of over 200
such rocket experiments, which have hitherto been available,
a. global neutral atmospheric circulation pattern, for the

height region 100 to 180 km has been derived and presented

im this chapter. Prevailing average winds have been estimated

and related to the observed global temperature models at

- these heights.

2.1 EXPERTMENTAT, DETATLS

2.17.17 Ground Equipment and Observation Sites

The method of observations followed for the present
experiments was the camera technique, involving simultaneous
photography of the cloud, against a star background, from
two or more widely separated ground stations. The Cameras
used were Kodak model, K-24, aerial reconnaissance cameras,
having a field of view of z_@j x 40 and equipped with F/2.5
lenses of focal length 17.é~cmn The cloud pictures were
registered on a 12 cm x 12 cm format. To ensure the success
of the obéervations, two cameras were installed at each
camera station. The film used was the Kodgk recording film
no.2475. This film has almost a constant wavelength response,
between 3800 2 to 6800 K, with a sharp cut-off on the red-
side. The charateristic curve for this film is discussed in

detail in Chapter III, Section 3.3.



.For the THA releases no filter was used, the brighiness
‘of tﬁe sky badkground'during nighf~time being inappreciable,A
For the Ba-S5r releaées during twilight hours, however, Kodak
Wratten series blue filters, no.44 and no.45, were used, one
for each of the cameras at every camera station. These filtérs
have maximum transmissions in tﬂe wavelength region 4800 Z to
4900 Zu Filter no.45 has a narrower band pass. The nalf trans-
missions lie at about 700 K for filter no.44 and at about 45 Z

for filter no.45, on either side of the peak transmissions.

PIG 2.1 ig a ¥ap of South India giving the relative.
positions of the rocket launch site and the camera stations.
The magnetic equator, Whioh is just north of Thumba, is also
shown in this figure. Table 2.1, given bélow, lists the geo-
graphic co-ordinates (GULATEE, 1956) and heights above mean

sea level,of the sites.

Site A atitude Longitude  Height(meters)

Launch _Site

9 [o]
Thumba 8°%0 28" W 76 51 38" B 000
Camera Sites
' o 1 o 3
Kottayam 9 %4 05" N 7€ 51 55" E- 035
O\‘ o 3
Palayamcottai 8 4% 00" W 77 44 04" E 057
o] [s]
Gape Comorin 8 04" 441 W 77 32 50" B 050
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The crlterlon for the selectlon of camera gites in
Arelatlon to the launch site and launch dlrectlon, the details
of photographic'sequenoes, the choice of launch timings (for
twilight releaseé), the operétional procedures etc. have all
been-discussed in detail by MANRING AND LEVY (1961), and by
RAMANUJA RAO (1966). A guide to 'Rocket Luminous Vapour
Experiments', giving details of this and data reduction

procedure, has been published by the COSPAR (DUBIN, 1964).
.2.1.2 Data Reduction

In the vapour cloud method, winds are determined from
the motion of the released cloud. This requires accuréte
~determination of the space positions of different portions of
the released cloud at selected intervals of time. Several
procedures have been discussed in the literature for triangu-
| lation of vapour clouds (GROVES AND OWEN, 1960; ALBRITTON ET
AL., 19623 JARRETT ET AL., 196%; EDWARDS, 196%; SMITH,1963).
A numerical method combining that of JUSTUS ET AL. (1963) and
SMITH (1963) was adopted by the author for the present study.
The calculations were performed with the help of IBM 1620

computer.

In the method used, the first step was the calculation
of the orisntation of the camera axis at each station. This
was obtained with the help of the positions of the known stars

registered on -the photograph containing the cloud picture
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(JUSTUS BT AL., 1963). For star identification, NORTAN'S STAR
ATLAS (1969) was used. The positions of the stars for the times
of observation were teken from the Indian Ephemeris and

Nautical Almenac.

Néxt, assuming a cylindrical shape for the vapour éloud
trails appearing on the photograph, a visual central line along
its axis was drawn on each photograph, and the data points on
this central line were read very closely on an X-y coordinate-
measuring microscope. For the Ba-Sr releases, the centre points
of theAclouds were determined from the densitometric scans
(Chapter III). Theimage plate-coordinates of these pointé,
relati&e.to the fiducial marks on each plate, were then trans-
formed with the help of camera axes calculated earlier to

azimuth and elevation corresponding to the observation station.

The geometry shown in PIG 2.2 illustrates the triangﬁ—
lation method. The azimuth and elevation angles of the vapour
points calouiated as above, would be relative to planes
‘parallel to the earth's surface at the respective stations,

A, and B, in the figure. To correct for the earth's curvature,
the azimuth and_elevation angles are converted to a plane
parallel_to'the earth's surface at a point P, on the earth,
approximately'below the cloud. The position of P can be
estiuated from a preliminary space triangulation. The conver-

sion is easily achieved by using the latitude and longitude
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¥1G 2.2 + Geometry illustrating trisngulation procedure

and the effect of curwature of the earth’s

gurleaogs
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Qf P,.instead‘of fhose of A and B, for calculating the camers
axes. | - |

- Choosing a right-handed cartesién coordinate system
with x,y,2z axes pointing toﬁards south; east and zenith resye-
étiveiy ét P, the cértesian coordinates of the camera stations
A and B relative to P are worked out from a knowledge of the

latitude and longitude of the three places.

If (X19y1921) and (X2,y2,Z2) be the coordinates of A
and B respectively and (x,y,z) be those of a cloud point, C,
and if (a1,e1) and (a,,e,) be the azimuths end elevations of
¢ with respect to A znd B respectively, relative to the plene

through P, the equation of the line AC would be
i S S (2.1)

where 11, L p, are the direction coéines of the line AC.

A similar equation can be written for BC.

Tn general, AC and BC may be skew lines and may not
intersect. The minimum perpendicular distance between the

two lines is given by

{ X1 X2 1,l 12
y y Til MA i
Fp = 1 2 1 21 xx (2.2)
21 %o by Py
1 1 0 0
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where K = {ﬂ.xf_’ﬁ.(mvl P2 " 'm2 : p»] ) J .

If C, and C, are the ends of this perpendicular, the
former on the line from A, and the latter on-that from B, thé
sign of F12 depends on whether C1 02 makes a right-handed ér
>1eft—handed frame of reference with C1 A and 02 B. Tdeally
Fio =.03 in practice, however, due to many experimental and
numerical limitations, this is not so. The best approximatibn
for ¢ is the mid-point of 01 62. The vector position, R, of

the point C is, then given by (SMITH,1963)

1 i AT A A
+ oy g (Ep - ry) [ -8y (A5)
2 In. x nA
1 2
A S R < UL A £ SO BN (2.3)
Do ALl = 2o/ 80 1 o By e

where r, and._x;2 are the vector positions of A and B, and

ﬁ1 and ﬁzare the unit vectors from A t? 61 and B to 02 réspe~
ctively. The height of C relative to the plene through P is
finally converted to that with respect to the surface of the

earth by calculating the horizontel distance of the perpendi-

cular from C on the plane through P.

For the spherical clouds and for those parts of the
trails which are cleerly identifiable as corresponding points
on the photographs from the two camera stations, the above

procedure is easily applied to determine the cloud position.
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In thQ case of smooth pations Of.trails,'thé corresponding
points are found by.kéeping thevlineiof sight from one camera
station fiﬁed and searching for tWo adjacent points on the
photograph from. the other station which give a change of sign
in the minimum perpendicular distance with the line of sight

from the first ststion.

5.2  ERRORS I CLOUD POSITIONS

2.2.1 Systematic Errors

2) Barth's Curvature

The neglect of earth's curvature introduces an error
equivalent to the difference between the angles A and &
of FIG 2,2. The effect of this is principally an error £z

in z (height) given approximately by

ANz = - 22/R

where R is the earth's radius. This effect has been appro-
priately considered by choosing a plane on the surface of the

carth, approximately below the cloud, as discussed earlicr.

b) Refraction Through the Glass Plate

The glass p]utu in the cemera, against which the photo-
graphic film is pressed, causes refraction of the light rays
from the obgoct being photographed before they form imege on

the film. This error has been aHQ1ytlcally worked out by
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- JUSTUS ET AL. (1963)5and hes been shown to be a2bout 0.0071 cm
at & distance of 9 om:from the centre. The accuracy of the
travelling microscope used for plﬂte measurements being of

the same order, this error has not been cons1dcred 51gn1flcant.

c) Film-shrinkage, Photographic-paper BExpansion,

Contractlon etc.

To estimate the error due to‘ohangeAin the distances
between the fiduciel marks on different photographic films and
prints used for date reduotion; it was examined for one parti-
cular launch very carefully. It was found that this error was

smaller than the error of measurements. Hence this error has

- not been taken into account.

d) Cemere Tilt

This is determined in the process of determination of
camers axis with the help of background stars (JUSTUS ET AL.,
o]
196%). The tilt in the present experiment, was upto 2 in some

cases, and has been duly accounted for in the reductions as
described by JUSTUS ET AL.

e) Atmospheric Refraction

The effect of this is to displace the objects towards
the observer's zenith, and is larger for larger zenith dist-
ances. Following the procedure of JUSTUS ET AL. (196%), this -
- correction for different elevations, atmospheric pressures;

temperatures etc., was calculated. Bven at zenith distences
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of 60 , the correction due to this amounted %o only about two
minutes of ard, amounting,to o positional error of about 0.1
km et a range of 200 km. This has again been considered insig-

nificant in the present analysis.

f) Distortion of the Camera Len#

A thorough enslysis was cerriéd out for ascertaining
distortion of 21l cameras, which could be expected to be:sig—
nificant at the periphery of the field of view. Assuming
little or no distortion within e radius of 1.5 cm from the
camera axis, from the known group of stars photographed all
over the field of view, the stars within the 1.5 cm radius
from the format centre were used to calculate the positions
of sters beyond this radius. The difference between the
observed and calculeted positions of the stars was attributed
to distortions. ¥IG 2.3 shows the plot of distortion ve obser-
ved positions of all the stars including those within 1.5 cm
radius. The scatter plot shows no significant tendency for
departures even at greater distances from the centre. Bven
nesr the centre, departures of about 0.01 cm from the calcu-
lated positions are discerned. This cleérly shows distortion

to be insignificant compared to reading errors.

2.2.2 Accidentiel Brrors

e) Camerz Station Coordinates

e

The errors in the coordinates of the camera stations

would contribute to an error in the base line, which is
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‘expectud to be not more than ebout 50 meters (Survey of India-

Prlvate Communlcatloﬂ)- Thls would 1ntroduce an error of about

the same order in the cloud positions.

b) frail snd Camers Stetion Orientation

The limitetions on acéuragy and resolution are deter-
mined essentially by physical considerations perteining to
the trail and not by the method of data reduction. Comparison
of the results of various triangulation combinations from all
the observing sites would be a valuable check. WHITEHEAD (1972),
,dommenting on the triangulation techniques, concludes that
an increase in the number of the observing sites is the only
way of determining deteiled structure of complicated clouds,
however good the camera resolution mey be. It is also importent
from the acouracy point of view that the observing sites and
launch Sltes are properly chosen, particularly in relation

to the solar illumination, for twilight releases.

Although three camera stations were established for
the present experiment, wesather stood in the way of simul-
tanéous obgervations from all the three camera stations
excepting on one or two.ocoasions. To cater for the weather,
additional camera stations would have been of advantage.
Successful simultaneous observations from three or more
camers stations would have the further advantage that the
cloud can be photographed from different orientations and

that its correct profile can be ascertained. This is
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especially g0, -in the case of 1ong'trails and where trails are

released hoth in-the‘up—aﬁd down«leg.of the rocket trajectory.
However, in the present study the profiles of the releases
did not present any major problem, since the TMA releases

were at altitudes below 130 km and thée Ba-Sr clouds Were only

point releases.

¢) Gentering and Reading Brrors

The major source of error in the analysis is in drawing
the central line of the trail. Uncertain-ties, in drawing the
“central line, result from distortioﬁ due to wind shear, uneveﬁ

illumination by solar rays (in cese of twilight releases),
smearing of the image due to large winds, diffusion (parti-
~culerly at high altitudes), irregular trail structure and

camers orientation.

A large number of stars (2 minimum of 8 %o 10) were
read on tﬁe film for fixing the camere aXiS, and it was found
that each combination of two stars gave values of-azimuth,
elevation and tilt of camera differing by not more than 0.5°
of arc, and values of focal length differing by not more than
0.01 cm. It is thus considered that errors in reading star
positions are considerably smaller compared to the central
line drawing.

The error in drawing the central line is generelly

small at lower altitudes where the edges are usually sherp.
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This errorvbeéomes larger at greater heights - beyond 130-140
km . The‘minimum pefpendicular distance9 F12 (expression 2.2),
might provide a feir check on the aocuracj of measurements.
In the present analysis, F12 rénged from 50 to 200 meters.

As the TMA trails were observed only below 130 km, the cente-
ring efror was taken as not more fhan 0.05 cm. The centering
error for Ba-Sr point clouds was assumed less. An error of
0.0% cm Wasnagggmgd for the 200 km Barium cloud and the error
in position determined. The error estimafés due to centering, .
on azimuth and eievation were made, and thence the.error in

. X,¥,2%z coordinates of the vapour trail, by differentiating the

expression 2.3 for R and these are listed below;

Range of the Total positional error
clovd (km) _ in X, y,2. (ko) ..
300 km - 4 km
150 km 2 km
100 km : ‘ 1 km

2.2.%3 Errors_in ¥Wind Velocities

A major contribution to the error in determining wind
velocity comes from the inacourate location of the centre of
the cloud on the photograph and hence of its position in speace.
If two photographs separsted by time t are uéed in determining
the wind velocity at any height, and if horizontal positional

errors be A& x4 and 4%y, the wind velocity, v, and the
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¢orrespohding error,. AV, will be given by !

A‘(X‘,_tz;SX)—'(x + oA X))
Vi AV = S ot A e i
t

Maximum error in velocity, A v, is then

AXy + D Xy

V e AR 'f“"""'" . ' ’ : !

T j

. ’.

For positional errors of 2 km and time intervals i
between two photographs of the order of 600 secs, the error

would amount to about 7-8 m sec—1. T+t will thus be seen that,

.. if the time interval between two photographs chosen for wind !

determination is large enough, the error would be smaller.

Wind fluctuations, if any, of a smeller scale, would, however,

be suppressed by such large time separations.

2.3 RESULTS AWD DISCUSSIONS | ;i
2.3.1 Chronology, of ‘the Experiments

Table 2.2 lists the dates and times of the rocket t
launchings conducted froum Thumbe for vapour cloud releases

reported in the present thesis. All the experiments were

conducted on magnetically guiet days except the one of %18t

i
i

March 1968 morning twilight. This is evident from the 3-hourly

table. The bariummif

&

- K_ ipdices listed in the last coloumn of the

strontium release experiments were & part of a collaborative

programme with the Max Plenck Institute, West Germany for
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 the study of electric fields in the¢ equatorial ionosphere over

Thumba. Only the wind‘results,obtained by tracking the neutrsl
strontium clouds in those experiménts,are presented here. The
ion drifts obtained‘by tracking the barium cloud, are mentioned
oniy for the sake of comperison of motions of neutral and

ionised clouds in the upper atmosphere.

The neutral atmospherio wind velocities were determined
by photogrephic tracking and subsequent triangulation of the
vapour treils aﬁd clouds as described earlier. For night-time
‘wind studies, the TMA releases produced chemi-luminescent
treils only at heights below 125 km. Thus, the neutral atmos-
pheric winds at night-time wereAmeasured in this first study,
in the equatorisl upper etmosphere, between the height region
90 to 125 km only. The winds at twilight were measured-by

tracking the neutral strontium clouds upto 200 km altitude.
In the figures and discussions that follow the under-

mentioned conventions have been adopted for designating the

direction of the wind motion:

i) westerly, or eastward, wind to mean wind
blowing from west to east, designated
positive.

ii) easterly, or westward, wind to mean wind
blowing from east to west, designated

negative.




T N

CnF - ' : _
iii) southerly, or northward wind to mean wind
blowing from soﬁth to north, designated

positive.

¥ |
iv) northerly, or southward, wind to mesn wind
blowing from north to south, designated

negative.

2.%.2 Barlier Results anr the Equetor from Studies

Conducted at Thumba

§ix godium vepour release experiments hadtbeen conducted
during northern hemispheric winter months in 1963 64 from
Thumba ( BHAVSLR A7 RAMANUJA RAO, 1968). These experiments,
thrue during morning twilight end three during evening twilight
hours gave important 1nformctlon ﬂbout the character of the
winds near the equator for the first tlme ‘Following are some

of the important findings of this earlier study:

i) The wind maximum occurs between 100 and 110 km,
the average height where this maximum 0Ccurs
being around 107 km, and the average wind

speed at the meximum is about 10€ m sec 1.

* ) - 0 .

Note: The designation of positive winds, in the meridional
direction, is winds blowing from north to south in
Chapter IV. This has been done to keep consistency

with the designation of other workers.
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_ii) Two minima are seen in all the wind profiles,
one around»112 km,aﬁd the other between 1%5 and

150 km.,

iii) In the 100-110 km region, large wind shears are
observed, similar to those observed at other

latitudes.

iv) The zonal winds at Thumbaare towards the east
in the height region of 115-140 km and towards

the west in the height region of 140-180 km.

v) The meridional component of winds shows irre-
- guler variations with height upto about 150 km

and thereafter it is mostly towards the north.

vi) The winds show a diurnal veriation between
1%30-170 km, the evening twilight winds being
stronger than those of the morning twilight.

vii) The rotetion of the wind vector with height

does not show any regular pattern.

2.%.3 Night-time Neutral Atmospheric Winds Over Thumbe

The three TMA releases experiments conducted over
Thumba, two during the same night on March 1966, and the
third, an year later, during the same month as the first two,
ha%e yielded useful fesults° These first results of night-

time winds near the equator are presented and compared with



winds at evening and morning twilights. All the three night-
time wind profiles, which Were confined to 90 to 125 km height
region, showed typical characteriétics of winds in this height
region, namely, wind shears end wave like structures, and

' smaller irregular-strctures superimposed on them. In the discu-
ssions that follow, the three TMA releases havé been designated

as unders-—

24-3-1966, 2215 IST TMA-T
25-3-1966, 0230 IST TMA-TT
12-3-1967, 2230 IST TMA-TTT

e) Meridional “inds

The north and south components'of the wind velocitics
ot different heights, as observed from TMA-I, IT and IIT,
are shown in FIG 2.4. The averasge winds obscrved atbfwilight
are 2lso plotted for comperison. The two releases, TMA-I and
11, which were conducted during the same night, but separaﬁed
by about 4 hours, show completely opposite behaviour in the
Wholebaltitude region under observetion. TMA-IIT, however,
shows a behaviour similar to that of TMA-T from ebout 115 km
upwards, the winds having & prominent southward component.
Tt is significent to note_that-TMA—I and TMA-TII experiments
were conducted at the same local time one year apart. The

large shears which are so commonly observed in the individual
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profiles @uring twilight releases at all latitudes ére less
prominentAin these‘night—timeAreleasééo Howe&er, wiﬁd shears
are not totally absent. TMA-III shows 2 north to south (N to
) shear of 0.02 oo~ botween 93-10% km. Shears, in the meri-
dionai component, observed during twilight, averaged to aboutv
0.025 seo” ' W to §, and about 0.015 seo” ! S to W over Thumba,
though on one occasion & N to S shear as high as 0.08 sec’1
was observed.

b) Zonel ¥inds

PTG 2.5 shows the zonal wind components observed atb
night during TMA-T, IT and TII releases alongwith the average
-morning and evening zonal wind profiles. The TMA-T and IIT
shoﬁ glmost a similar behaviour, except for the altitude
difference for the ma jor characteristics. The maximum of wind
velocity at 110 km for TMA-I continues to be evident in TMA-
11, though of & reduced magnitude. The chears are smaller for
MMA-TTT, the ¥ to B sheer being 0.015 coc~V at 92 km. The
W +to B shears were moré often observed than the E to W shears

during the twilight observations.

The twilight winds, as mentioned in Secotion 2.2.2,
have shown regular costward winds 1n the height region
115 to 140.kmn Por TMA-TI and IITL, the winds in the region
115 +to 120 km are towards west while for TMA-IT they show

an eestward component.
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c) Speed Profiles
The variafion §f’wind Speed'With‘héight, for the three -
- TMA releases are shown in FIG 2;6°_Thé average speeds for thé
twilights have also been shown}-The results of TMA-T and IIT,
‘which relate to times prior to mid-night, show a behaviour of
increasing wind speed above 115 km, whereas those of TﬂA—II,
which relates to a time after mid-night, appears to follow
the morning twilight average behaviour. The results of THA-T
and II together show an upward shift of the characteristic A K
features in 4 hours, yielding an average upward velocity of
0.5 m 860—1» Tt may be noted that this result is in disagree- i
ment with the findings of BHAVSAR A¥D RAIANUJA RAO (1968), g
who from a study of two sodium releases, one on the evening ﬁ
fwilight of 9th November 1964 and the next on the succeeding
mbrning twilight of 10th November 1964, had reported that

there was a downward movement of some observable features. ' i

The present result does not conform either to the tidal

nypothesis (downward phase motion) or to the thermal expan- o

sion. petween the two TMA releases, the atmosphere can only
be expected to be still in the process of cooling down, and i

hence, only downward movements due to this cause should be
observed.
Because of the limited altitude-coverage of the present

wihd profiles, it is likely that erroneous identification of

similar features might have been made to'interpret the
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features as progressing upwards. A-series of four to five
launchings,spread -over the night only can resolve such

ambiguities.
d) Rotation of the Wind Vectors

The wind veloqity hod-ographs for the three experiments
are shown in FIG 2.7. TMA-T and II profiles show no large
variations of wind direction over the altitude range of
observation. The sense of rotation of wind vector is diffe-
rent in the two cases. TMA-IIT shows a smobth clockwise rdta—
tion behsaviour. These results, together with the twilight
results at Thumba, show a mixed behaviour of the wind vector
rotation with @ltitude. The results from Barbados (130 )
(MURPHY AND BULL, 1967), Hawaii (22" §) (BEDINGER, 1966) and
Sonmiani (25o N) (SHAFI AHMAD, 196€, 1967) confirm the conte-
ntion of a transition zone for the tidal behaviour‘of winds
over low latitudes (on either side of the equator), sometimes

extending to the latitude of Sonmiani.

BEDINGER ET AL . (1968) have concluded, from the
Wallops Islahd observations, that the spiral pattern bf the
nhodograph is associlated with large wind speeds, whereas irre-
gular hodograph pattern is associated with low wind speeds.
The three TMA results have shown no large wind speeds, nor
nas any irregular pattern been dbserved in the hodographs.

ihe earlier twilight observations a2t Thumba (RAMANUJA RAO,
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'1966) do, however, support to some_extent<such conclusions
of BEDINGER ET AL.

2.%3.4 Results obtained from Be-Sr Releases at Twilight
from Thumbs

As the Ba-Sr experiments were‘point releases made at
discrete heights, 20 to 30 km apart in the vertical direction
covering the altitide region of 100 to 200 km complete verti-
cal profiles of the winds could not be‘obtained. Hence, shears
as well as vertical structure, of winds could not be studied.
However, being point releases, they served as good tracers
for studying vertical motions‘and growth rates. The morning

release of 31st March 1968 was only partially successful due

to bad weather, thus rendering measurements only on two clouds.

The results from these experiments are presented in
Table 2.3, and in FIG 2.8. The ion motions are also shown.
It is seen that,. in generel, the two evening observations
correspond well with one another, in both meridional and zonal
components and in other general behaviour. For comparison, the
average evening and mofning velocity profiles, obtained from

earlier sodium releases, are also shown in FIG 2.8.

a) Meridional (omponent of "inds

The evening twilight release of 28th March, vide
FIG 2.8 (a), shows that the meridional wind over Thumba,

around 135 km, is towards the north,which decreases to a
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:very small magnitude around 150 km and then changes direction
to thé south at higher altitudesnuThe evening twilight release
of 30th March ShowsAthat this changeover.from north to south
takes place at a great height} The morning twilight release

of 31s£ llarch shows,ihowever, that the wind which is south-

ward below 150 km changes northward above this height.

Earlier twilight observations over Thumba have shown
that during the northern hemisphere winter (November-Januvary),
'the wind in the evening has northward meridionalAcomponent
continuously increasing with height in the 150 to 190 km
altitude region. The morning‘observatioﬁs have shown that
the northward component decreases with height, suggesting

that it would reverse in the height range 170—180 km .

The present results suggest that the meridional flow
ig opposite in direction in.summer from what it is in winter,
the changeover probably occuring during the equinox. This
behaviour is shown in more detail in the general global .

circulation pattern, vide Section 2.4.4.
b) Zonal Component of Winds

The zonal wind component, observed by tracking the
neutral strontium clouds during Ba-Sr releases, 1is shown in
FIG 2.8 (b). The evening observations, of the 28%th and 50th
March, 1968, as well as the morning observation of the 31st

March, =1l show predominantly westward wind, with a maximum
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aroﬁnd an altltude of 150 km, deoréasing'thereafter to a
small magnltude, and ultlmateLy rever81ng 1ts direction to
éastward wind above 200 k. The zonal flow seems to b€ in
general agreement with that ‘observed by BHAVSAR AND RAMANUJA
RAO. They nad shown that over ‘Thumba, above 140 km, the zonal
winds were mostly toward® the west and on three occasions the

winds exhibited a tendency bo reverse gbove 180 km.

The present results 9€en to confirm the superwrotation
hypothesis advocated by KING-HELE (1964). This is discussed

in greater detail in Section 2.4.9,
c) ?Liﬁi.ié,@i%i.@lﬁliﬁ?}fﬁlélﬂm

Trom FIG 2.8 (¢c), where the gpeeds for the three
releagses are showid, s tendency of almost constant wind OvVeT
the whole gl titude region will be ev1dept These results fall
und erthe morning twilight category of winds reported by
BHAV$AR AND RAMANUJA RAQ and shown to be decreasing with
height. From earlier wind measurements, & wind minimum was
reported'at around 150 km over Thumba. Such & behaviour 18,

nowever, nob discerned from the present® results.

2.%.5 qupagating Waves

The highest cloud release (205 km) of ogth March 1968
Adescended9 after aboul 12 minutes of observation, by as much
as 15 km in. 8 minutes. This geve & vertical downward velocity

of about 30 m 580—10 In the firs® 12 minutes it had, however,
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maintsined a constant height. The 152 km. cloud release, on the
same day,.had aiso shéwn a verfical motion, revealed about
50 minutes after the release, but the motion 'in this
case was upwards by about 6 km in 6 minutes. This yielded a
~ vértical upward velocity of about 16 m 560-1. The 135 km and
175 km releases, bn the other hand,did not show any vertical
motion. (The vertical motions of the 205 km and 152 km releases
.are not shown in FIG 2.8, in order to maintain the clarity of
the figure. Only the heights, which these two clouds maintained
for a major period of observation, are indicated in the
figure) . |

On 28th March the 152 km release, and on 30th IMarch
the 180 km release, showed horizontel wind velocity variations
during the observation period. In the former case, it was the
zonal velocity, end in the latter case, 1t was the meridional

velocity, that changed.

Tn FIG 2.9 the movements, as a function of time ,of
~the clouds which had shown a vertical motion, as well as of
those which had shown varying horizontal winds, have been

presented. |

The Ba-bdr reieases of 28th March seem to manifest
a‘propagating wave phenomena, as Seen from the height-time
plot of FIG 2.9 (a). Vertical wa{relength of the order of

80 km can be discerned in the vertical velocity. It is also
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seen that this wavelength is increasing in the upward direction,
and that the amplitude of the wave is also increasing with

altitude.

T+t is presumed that a gimilar horizontally prdpagating
wave would have ceused -the horizontal wind velocity changes,
28 seen from FIG 2.9 (b), on the 152 km cloud of 28th and to

g lesser extent on the 180 km cloud of the 30th.

Minimum periods of about 1 hour for the horizontal
waves could be estimated at these heights, 1f the total obser-
vation period is'QOnsidered to be the half-period of the wave-
pattern. The vertioallwavelengfh derived for the vertical
winds is in good agreement with the theoretical estimates
and the period derived for horizontal winds is also not

“inconsistent.

The other possibility for the cause of varying hori—
gontal winds could be that, as the 152 km cloud changed its
height, horizontal velocity changes have also taken place
corresponding to its new height. DESAT (Private_Communication)
also reports such Velécity variation from change 1in height
of cloud position from the analysis of Ba-Sr clouds released
st 130 km altitude over Thumba during January 1972. However,
the large velocity variations, of the order of 50 m seo—1 in
sbout 5 to 10 km altitude change, which were observed on

28+th March, are normaily not expected at this height.
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$2.3.6 Turbulence

Avremarkable»featureyobserved on the vapour trails
recleased in fhe upper atmOSphere;is the apparently sudden
}cessation of turﬁulence at aﬁout 100 km level., Whereas the
trail picture below £his altitude shows a patchy and uneven
structure, the portion above is émoothu In general, this has
been . accepted as an evidence for the existence of sharp turbo-
pause level, separating turbulent region of atmosphere below,

from the non-turbulert region above. There has, however,

been a different view also, held by LAYZER AND BEDINGER (1969),

who consider the observed patchiness of the trail to be due
to instabilities generated because of the release of energy

by the rocket ascending imto the region of decreasing gas

density. | &ﬁg

These authors compé?e-the photographs of the trails in
the up- and down-leg portions of the releases and show that.
it is only the up-leg portions which show the patchy structure
below 100 km. Down-leg releases, on the other hand, have been,
according to’them, difficult to clessify, but, yet, they
maintain thet these show no distortion, and therefore no
turbulence.

Only BLKﬁONT AND DE JAGER (1961) have, so far, shown

evidence of turbulence features on the simultancous up- and

V4
down—legs of the trail release. Recently LLOYD ET AL. (1973)



have shown clear evidences of turbulence in the down-leg

release of a vapourAdloud<released from 150 down to 92 km.

A photograph of the sodium cloud, released on the up-

leg on 19 April 1971 -from Thumba, indicating %urbulence
features, is shown nn page 114. The turbopause was located
at around 100 km. The TMA TIT release of 12 March 1967, has
also shown some evidence of turbulence. This release was
corried out during the down-leg of the rocket trajectory.

A photograph'of this cloud is also shownlon ‘tage 114, The

turbopause height was located at 96 km in this photograph.

L major difficulty in explaining furbulence at around
100 km igs the rarity of observance of large wind shears to
generate turbulence. The shear that is neceSSary to produce
turbulence, from Richardson number criterion at mesopauée
1

‘height, is about 0.10 sec . This velue for the shear has

also been estimated by HODGES (1967). Such strong shears

have rarely been obscrved from any location including Thumba.

However, on two cccasions during twilights at Thumba, shears
of magnitude 0,08 amd 0.10 sec | happened to be observed at
107 km and 110 km altitudes respectively, and on the latter
occasion (12 January 1964 morning twilight) some turbulence
" features were also seen. The cloud was released on the up-
leg of the rocket trajectory. Becauge of cloudy weather the
turbulencevfeatureS'were not sufficiently clear to warrant

further investigation.
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Withbpropagatinghgravity Waves,aVailable to_initiate
turbulence the shear necesgary to maintein. the gbnefatbd tur-—
bulence is, as suggested by HODGES (1967), ery gmall, being
about 0.02 ceo~ . These shears are very commonly observed.
BLAMONT and his group (BALWONL AND BARAT, 1967) have laid
stress on the Reynold number criterion, and find the critical

value of this number

1 Su
R - e s

ec At 37

to be about‘6OO where L. is the kinematic viscositj and

3u/ Az is the veloclty gradient with eltitude. In the two
examples, where they observed turbulence, ,u/,az have been
shown to be 0.02 880‘1 and 0.0% sec—1, which are much smaller
tnan the requirements of LAYZER AYD BEDINGER. The shears
observed in the TMA- III release over Thumba were also guite
small, being only 0.0% sec 1, Deteiled turbulence study on
this cloud could not be made, because only brdinary K-24

cameras, and not larger ones, Were used for the photography -

REES BT AL. (1972, A) have studied the time del&y for
the onset of turbulenoe at 100 km and neve compared this time,
for different levels,with a characteristic time constant
related to the Kolmogoroff nicroscale and kinematic viscosity.
They show that with the plausible assumptions regarding rate
of dissipation of turbulence energy, the observed delays

in the onset of turbulence agree fairly well with this
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 fime scaleﬁ They conclude thet at the altitude of turbopause

!

the Kolmogoroff microscele of turbulence increases very rapidly

with altitude. According to- them, turbulence exists above the
turbopause alsc, but its effioacy in transport processes,

‘relative to molecular diffusion, decrecases with altitude.

However, if one compares the lateral dimension of the
trail just below the turbopause level with that just above,
it is seen (for the TMA—III‘down—leg release from Thumba) that
the overall growth rate is fas%er for the lower portion. Thus,
the present author would prefer to interpret the traill evidence
as specifically indicating cessation of turbulence rather than
the time scale effect, for in the latter situation growth rate
of trail should have been at any rate faster for the higher

levels.

2.%.7 ;gtér@gﬁion of Neutrsl and Toniscd Atmospheres

The THA-III release of 12th March 1967 was accompanied
by a Langmuir Probe for the measurement of electron density.
The latter acquired date on the up-leg (SATYA PRAKASH ET AL.,
1968) and the TMA was released during the down-leg of the
rocket trajectory. From FIG 2,10, where electron density and
PiA-TTI wind profiles are plotted, no relationship is apparenf

between them.

Tn the middle latitudes, as well as at low latitudes

( Barbados 12° N), strong correlations between vertical wind
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TMA I 12-3-1967, 2230 IST
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1Shearbahdj5p0radic E have been observed on many occaslons
(BOW’EN ET AL., 1964; SMITH, 1966; WRIGHT ET AL., 1967) suppor-
ting WHITEHEAD’S (1961) hypothesis., Such a phenomenon is
ruled Qut at the equator beoéuse magnetic lines of force are
norizontal. Howéver,‘REDDY AND DEVASTA (1973) have, recently,
shown that blanketing type ES af the magnetic equator can be

formed due to horizontal shear of horizontal neutral winds.

The interaction of neutrsl and ionised atmospheres is
manifested very clearly by the Ba-Sr releases. Referring to
FIG 2.8, 1t is seen that the ion motions and neutral motions
arc close to each other in the meridional direction. The
neutral and ion motions are different in the cast-west dire-
ction. At arouﬁd 150 km; however, from the available two obser-
vations, the zonal components aléo seem to be in esgreement.
,This gives support to the expectation that the ion motion
will follow the neutral, below 150 km and that above this
héight, néutfal motions will not have signifioanﬁ influence
on the ions, @above 150 km neutral gas can drive the ioni-

gsation only along the field lines.

Over Yume, Barbados and Zglin, about 100 radio spaced-
receiver. Kinesonde ﬁeasurements were compared with 40 neutrel
wind measurements made_by'gun— and rocket-launched TMA trails
in the night—time E-region. Good agresment be tween the drifts

ond neutral winds have been reported (WRIGHT, 1968).




Anfionogpheric»driit recorder, measuring ilomospheric
drifts at E and F;regionsby the spaced-receiver methéd, is
operative at Thumbea, . Gcneral pattcrn of drifts has been
presented by RASTOGI ET AL, (1972). The equipment, duc to its
1ow transmittlng power, was unable to detect the f-region
ionisetion, during the times of fhe vapour releases, 1l.e.
during twilight and night-time. Hence no comparison of winds
with drifts for the times of vapour cloud launch has been
possible.

Recently, MISRA AND RASTOGI (1971) have presentsd
results of diurnal variation of E- and F-region drifts over
Thumba, obtained by means of a more powerful transmitter. By
observing the Es~echoes at night-times, they have shown that
the drifts at these ievels are entirely westward during day-
time and are mainly eastward during the night. The’houfs of
reversal haye been quoted, on an average, &8s 0530 hr and
2000 hr. All the three THA results, in the 95-115 km fegioh
show an eastward velocity and aré thus in good agreement
with 4ne drift results. The TMA-II, in particular, has shown
an eastw qrd wind all through its hCléht covurﬁge, The meri-
dional drifts, by spaced-receiver technigue, arc difficult
to identify at the magnetic equator. Hence no comparison
of meridional winds with drifts has been made here, though

some mention of it will he made in Section 2.5,




2.4 GENERAL CIRCULATION IN THE UPPER ATMOSFPHERE

The wind pattern and temperafure-distribution, with
altitude and latitude, in the lower atmosphere, below about
100 km is now fairly.well understood from the observations
of instrumented balloons, meteorological rockets, etc. Mean
 circulation patterns have been presented as contour diagrams
by MURGATROYD (1957, 1965), BATTEN (1961), KOCHANSKI (1963),

C GRAIG (1965), WEBB (1968) and others. The winds have besn
shown to be essentially geostrophic and zbnalu In stratosphere
and mesosphere, mefidionalAcirculation is more difficult to
analyse observationally on account of smeller felocitiesn

Using the thermal wind equation,

2T 2 5 SR
g 5% 2 T Miﬁcosf:ijzm-(jﬁ>

where x = meridional direction, positive southwards

T

1l

T (x,z), the temperature
1= earth's angular velocity
& = colatitude of the place
g = acceleration duc toO gravity
u = u(y,z) the zonal velocity, measured positive
eastward
MURGATROYD (1957, 1965) has shown that the zonal winds are

'reasonably:consistent'with the direct measurements of lati-

tudinal temperature distribution. The derived temperature
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distribution has been shown to be-consistent with the hypo--
thesis that the heat balance is mainteined largely by radiative

processes (MURGATROYD AND GOODY, 1958).

Between 80 and 120 km, the radio-meteor wethod has been

-used to obtein information about prevailing and periodic
components. Harmonic components for different latitudes and
for different =<easons have been analysed (HAURWITZ, 1964 ;
AREFYEVA ET AL., 1966; MULLER, 19683 REVAH, 1969; SPIZZICHINO,
1969 A). Despite the small number of observation stations,
general pgtterns have emerged. Preveiling Winds of the order
of 20 m sec—1, and meridional winds of the same 5rder as

zonal winds, have been reported. From these studies, it has
emerged that the amplitude ofAthe dijurnal component is depen—
dent on latitude,'and this has provided a renewed fillip to

the study of diurnal tide.

'

Above 200 km, zonal velocities of the order of 100 m
sec“1 have been derived by the satellite drag method. 1t has
not been possible to study the diurnal, seasonal or latitudie
nal variations by this method. meridional winds at these
altitudes have been deduced by the incoherent scatter techni-
que (VALSSEUR, 1969 AMAYENC AND VASSEUR, 19723 EVANS, 1972) .
There has yet been no attempt to couple the two measurements

and obtein a mean circulation pattern at these levels. Theore-

tical computations of F-region winds have, however, been
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made, on the basis of model atmospherlo temperature distri-
bution, by many workers (KOHL AWD KING, 1967 GEISLER, 1967 A;

CHALLINOR, 1969).

in the thermoéphere, above about 120 km, very little

information on prevailing wind Sjstems is available. Profiles
of artificial chemical trails are characterised by their osci-
llatory nature, and require extensive averaging to obtain pre-
vailing component and to provide any clear picture of the
general circulation pattern. Some attempts in this regard have
been made in the past, at mid-latitudes, by RAGSDALE AND WASKO
(1963),'KOCHANSKI (1964, 1965, 1966) and KANTOR AND GOiE (1964).
BHUAVSAR BT AL. (1969), for the first time, from the available
observations over the globe, have presented a mean circulation

pattern above 100 km.

In the following seotionS; the observational data on
winds,hitherto obtained, in the 100 to 200 km height region
is'presented, and regularities in the mean flow, derived from
this data, are discussed. In the light of the paucity of data
it is not possible to distinguish between the various kinds
of motions prevailing at these levels, nor 1is it possible to
discern clearly the diurnal and seasonal trends. However,

attempts at these are also made,
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2.4.1  The Data end Grouping of Stations

Most of the observational wind data, available from the

vapour release technique is limited to altitudes below 140 km.

It has been shown, from a number of studies and from individual

_profiles, that winds are quite irregular below this altitude,
and for studying the circulation below this level, a very

large sample has‘to be dealt with. The discussions to follow
will, thus, mainly concern with observations aﬁailable above

140 km.

From many‘of‘the observation—sites. only a few launch-
ings have been made, and this fact has to be taken into account
in the conclusions to be drawn from this analysis. Table 2.4
gives the launch sites, their geographical coordinates, the
rumber of observations from each station and the last .date of
observation from that statign included in this study. A total
of nearly 210 launchings were available for this analysis. The

sources of these data are given in Appendix I.

The available data has been subjected to fhree diffe-
rent types of analysis, and thus to different grouping systems.
For essessing a very general atmospheric flow, only. two grou-
pings were made, i.e., of stations below and above 30° lati-.
tude. For the study of diurnal and seasonal behaviour from
individual launchings, the stations have been grouped into
three belts, viz., those below 30°, thése between 30° and 35°

and those above 35° latitude.
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. Further classification was considered not desirable,
because of the meagre.bbservational dafao.In the zone below 30°
latitude, only Thumba and Hawaii'pfovide a fair amount of data.
The whole of the data'from Barbados is limited to altitudes
“belowb140 km. For Reggan and Sonmiani, only one observation
profile each, above 140 km, was. available. It may also be
mentioned that a2ll the observation-sites included in the
present study, except Woomera and Chamical? belong to the

northern hemisphere..
2.4.2  The Average Flow Above 100 km

To determine the average flow at a station, all the
‘available wind veiocity—height profiles relating to  that
.stétion were superimposed one over another and an average
profile for the purpose waé found. In this process, the presu-
mption has been that.the gravity wave contribution will be
annulled; tidal contribution, however, may remain. In most of
the cases, the evening twilight observations have very much
outnumbered the morning observations and the night—time |
results. S0 the results derived in the present section may
have a bias ﬁowards evening averasge flow. This can not be
overcome unless a good,and almost equal, number of morning

and evening twilight observetions are available.

The meridional; zonal and speed profiles in the two

zones, one above and the other below 30° latitude, determined
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by the above procedure for the different stations, are plotted

in FIGs 2.11 (a), (b) , and 2.12 (a), (b) and 2.13 (a), (b)

respectively. The meridional flow shows some seasonal trends.

This is, thus, separately discussed in Section 2.4.4. The

_results obtained at Chamical, Kagoshima, Ile du Levant and New

Mexico are not shown in the above figﬁres, firstly because of

want of clarity and secondly because these stations provided

~only two observations each,

From these figures the following broad conclusions

about winds in the 100 to 180 km region emerge:

i)

ii)

iii)

The average flow in the equatorial and low
latitude regions is different from the average

flow at higher latitudes (above 30°).

Tn the height region 100 to 120 km, no regularity
is seen except a wind maximun (more so from
individual profiles, which 1is suppressed

beczuse of averaging) in both the groups. i

Above 120 km altitude, the average wind speed

decreases, (or, at best, remains constant)

~with height for latitudes below 30°, and

increases with height for latitudes sbove 30°.
The results from Ft.Churchill (58° ) show

this behaviour most prominently.
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‘1v) In the equ torlal region, pelow %0° latitude,
there is a regular zonal Qiroulaﬁion9 with &
westerly flow in the region 120 to 140 km and

an easterly flow in the 140 to 180 km region.

v) At 1gtitudes higher than 30°, the zonal flow
in the height renge 120 to 180 km scems to he
cgsterly all the time, though two of the mid-
1atitude stations show an eastward flow

behavioul, partioularly above 160 km.

2,45 Super ! Rotation. of the Upper = Atmosphere

gince the time the eastward rOtCtIOP of the atmosphere
above 180 wm was revealed Y orbiting satellites, it has been
of interest o see if the high altitude Qbservations of the
drifts of vapour clouds also show this behaviour (BuDINGbR
4970 B). That the two evening Ba-ST releases OVeTr Thumba.,
reported 1in the present study, have shown an eastward wind
component above 190 km, has already been discussed 1in

gecthion 2.%5.4.

Recent results of KING-HELE (1972) show that the
highest mean eastward gpeed occCurs near %50-380 km altitude.
values of about 1.5 for A corresponding ‘o an.eastward
velocity of 200 m seb‘1 at mid—latitudes have been inferred
( Zbeing the rotation of the s4tmosphere in revdlutions dayﬂj)n

Tt has aléo Leen shown that 2 apparently decreases O unity
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nesr the altitudesof 150 and 450 ¥m. Barlier results (KING-
HELE AND SCOTT; 1967)‘had»indicated a probable maximum east-
ward wind around 1800 hr L.T. Later results have shown no

such time—depeﬁdence. Individﬁal satellite results show large
changes of the mean fotation rate with time. Whether, and how,
 the satellite date reflect wind étructure variation with lati-
tude, local time, season, and geomagnetic activity is still an
open question. KING-HELE'S analyses provide the most comprehe-

nsive survey of neutral wind behaviour ncar 200 km altitude.,

Tn Appendix IT all the available observational data on
winds at the highest altitude above 180 km, are presented in
three latitude zones with a view to examining the super rota-
tion behaviour. Also presented in this tabie are data on mean
wind flow above 150 km at various stations for individusl days.
These are, however, discussed in Section 2.4.4. FIGs 2.74 (a)
and (b) show plots,las observed in ﬁorthern hemisphere, of
these winds above 180 km. The southern hémisphere observations
are shown with the sign of their meridional component reversed.
The two wind observations, reported by ACKERMAN AND VAN
HEMELRIJCK (1971), have not been included here, because they

corresponded to a very high altitude, i.e. 275 km.

The following is a summary of the results of zonal
winds, at the highest altitude of observation above 180 km,

in the three latitude zones:
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Tabie 2.5 -

Summary of Winds above 180 km

B s i i s S 0 i et et iy A ot et P et Bt PP i S s s S it ot VS ek e e S e (o A B i G P o e i A it et A WY U AN A ot B Pl ot o B St o e

Total ' Bastward Westward No zonal

Latitude Zone  Twilight Observe velocity velocity component

Tow (« 30° ) Morning 1 | - 1 -
" 1iddle (3%0°-35°) 4 1 3 -
- (but low) (in one
case low)

High ( > 35°) 6 - 6 -
Low ( < 30°) Evening 5 3 o ' -
A (in 2 cases low)
Middle (30°-35°) ’ 7 5 2 -
: (in one case
very low)
High ( > %5°) 10 6 2 2
(in one case
very low)

It is spparent from FIGS 2.14 (a) and (b) and the above
table that, during morning twilight, the velocities are almost
definitely westward (south westward most of the time),with
no easfﬁard component ever observed except on one occasion

for o mid-latitude station.

For the evening twilight periods it is also spparent
that the mid-latitude dbservations show a more pronounced
eastward behaviour of winds than the low or high-latitude

observations. From Sardinia, which is the highest latitude
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Statign for whichAobservations are available, only one out of
four observations, shbws a convincing eastward flow behaviour.
However, no westward flow is_alsd discernible in the other
three cases. In general, it_is noted that the eastward motion
trend is more pronounced during Winter-evénings than during
summer, but observations are too scanty to draw firm conclu-

sions.

It is, thus, seen that there is a tapering off of the
‘nett eastward component on either side of mid-latitude. From
Pt Churchill, which is situated at as high a latitude as 58°,
large westward winds have been observed; though only below
160 km. It is, thus, probable that the super-rotation beha-

viour veers round &t high latitudes.

At first sight, the wind measurements. which show almost
opposite behaviour in thevmorning and. evening, suggest that
there might not be a nett eastward flow averaged over the day,
thus, conflicting with KING-HELE's observations. This discre-
pancy is partially resolved if we take into account the fact
that the afternoon and evening (14-20 hr) eir densities are
about 20% greater than that im the morning. Hence when expre-

ssed as air-flux, a nett average eastward flow may be obtained.

2.,4.4 Comparison with Global Pressure Models

REES (1971 B) has proposed a global pressure model

- (P16 2.15) for equinox—conditions between 150 and 190 km,
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.bésed on temperatures and densities derived from vapour trail
releases. LLOYD ET AL.A(1972) héve suggested a temperature and
thence a pressure model for solbfice—conditions, based on an
extension of WLDTEUFEL AND MCCLURE'S (1969) temperature model

(FIG 1.4).

These new models show larger day-time meridional pre-
ssure gradients than those of JACCHIA (1977), whereas the
night-time gradients at equinoxes and the winter solstice are
lower and have a reversed direction to that of JACCHIA. The
night gradients at summer solstice in these two models have

the same sense as those of JACCHTA (1971).

This pressure system, during day—time,.near eguinox
and winter conditions, will drive a gedstrophio wind in the
eastward direction giving a velocity of the order of 150 m
sec” | at 200 km. This is atleast 5 times larger than the mean
castward winds observed during evening twilight. The effects
of ion dreg and viscosity would, however, modify the winds

produced by these pressure gradients, but this large discre- ]

pancy can not be accounted for by them.

RISHBETH (1972 A) has reviewed the various possible
suggestions for explaining thé eastward rotation. The pressure
model of REES suggeSts that the super-rotation could be because
of a pseudo-geostrophic wind due to fhe mean global pressure

gradients which are predominantly equetorward.
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,‘CHALLINOR (1969) has computed winds resulting from an
aSymmetrio global'preééureAsystem and hydro-magnetic forces.
In mid-latitudes, the predicted fiow is eastward during even-
ing twilight, in accordance with KING-HELE'S observations.
This.result is supported to a good extent by the vapour trail
data from.mid—latitudes, as shown in Table 2.5 and FIG 2.14
(b). The model predicts southwestward winds during morning
twilight at mid-latitudes in the northern hemisphere, which is

confirmed by FIG 2.14 (a).

The tepering off of the mean eastward wind towards
high latitudes, is also inferable from the celculations of
TLL BT AL. (1973%), who used a pressure model derived from the
temperature model of WALDTEUFEL (1971) and density model of
BARLIER BT AL. (1972). Their calculations however, show only
o slight dimunition of the super-rotation nesr the eqguator.
In order to reconcile their results with the present values
observed st low latitudes from vapour cloud releases, smallar
pressure gradients thén those of - ILL ET AL. AND REES have

to be resorted to.

The meridional component of wind in the 150 fo 200 km
region shows a strong tendency of flow away from the summer
pole to the winter pole, as shown in FIGs 2.16 (a), (b) and
2.17 (a), (b). In these figures the mean winds above 150 km

as tabulated in Appendix IT, have been plotted on a polar
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graph._ The flow from. the winter to the summer hemisphere is
more pfominently nbtidéd in thé evening twilight plots. Though
summer morning also sn0owWS this feature 1o some extent, winter
morning shows no particular tfendn Applying, again, the air-
flux criterion it can.be seen that there is a nett transfer

of flow from the summer to the Wiﬁter hemisphere. This flow
might serve as the source for inter-hemispherical energy
transfer, and provide the mechanism to refrigerate the summer

pole and warm the winter pole,

FProm the several wind measurements over Kiruna (60°.N),
close to mid-night, during mid—April ( summer pole conditions),
strong equatorwsrd winds were reported by REES (1972) at and
above 150 km. These have been associated by him with the winds
observed at mid-latitudes. Thus, there seems to be a general
equatorward flow, of the order of 100 m 360—1, throughout
night-time in the summer hemisphere. However, only night-time
meesureunents over mid- and low-latitudes will be able. to

confirm the continuity of air motion over the equator.

The meridional winds may not be caused by the pressure
model of REES (1971 B), unless systematic asymmetries are
introduced-. Asymmetries could arise, as suggested by REES,.by
o combination of low winter polar densitiesl(inferred by him

fron Heiss Island and Sscor 6 satellite data), and the

sessonal migration, in latitude, of the diurnal density and
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temperature bulge at equator (KEATING, 1969; WALDTEUFEL AND
MCCLURE, 1969; JACCHIA BT AL., 1967).

Though the mean eastward flow of the upper atmosphere
above 180 km is, more or 1ess,-in consonance with the models,
the zonzl winds below 180 km, as observed from FIG 2.12 (a),

‘(b) are guite different. From 140lto 180 km the winds are
westward all through, i.e., just opposite to the super-rotation
behaviour. This could call for a re-thinking on the models

below 180 km.

The incoherent scatter and satellite drag models are
based essentially on exospheric temperatures, and the model of
REES (1971 B), based on the scanty data from vapour trail

releases, is for heights in the region 150 km to 190 km.

GROVES (ﬁ971), in his neutral atmosphere model upto
120 km, has shown that the maximum temperatures areAfound, as
in the mesosphere, in the vicinity of the winter pole. To
reconcile GROVES' model with the present data, high temperature
gradients between 110 and 150 km, or even upto 180 km, are
required near the summer pole and lower gradients at the winter
pole. REES.(1971 B) speoulafes that the large polar summey-time
temperature gradients between 90 and 130 km should mean that
atmosphere is moré stable in summer than in winter in that
‘regionn He quotes, to subsfantiate this, that TMA trails

released in late April over Kiruna were non-turbulent between



-90fto_130'km whereas(similar,trails duriﬂg winter st high

latitude were irregular.>

RAGSDALE AND WASKO ( 1963), who constructed the mean
wind model upto 200 km for the 30° to 40° N latitude, from
the sparse measurements then available, had shown that zonal
components show a decrease between 120-140 km with height,
which might suggest a reversal of thermal gradient. Though
this behaviour is not seen from the general wind pattern
presented here, either for low or high 1atitudes; some indi-
vidual wind profiles do show such a behaviour. BHAVSAR AND
RAMANUJA RAO (1968) had found this behaviour in the Thumba
profiles. Temperature measurements in the 100—150 km region
are still very scanty, and many anomalies too have been
observed in this region (Chapter III). The importance of
tidal components has also to be established to resolve the

discrepancy.

-Pressure models based on independent temperature and
density measurements, between 100 and 200 kmAregion, are
required to explain the uncertainties that still remain.
Temperature measurements, particularly between 100 and 150 km,
the region of steep temperature rise, over a wide latitude
zone are the first necessity fowards understanding the global

circulation system above 100 km. -
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2.5 . ASYMMBTIRY IN EQUATORTAL ANOMALY

The equatorial anomaly in the Fz—region of the ionoé—
phere has been studied in defail (RASTOGI, 1959; LYON AND
THOMAS, 1963) . Thesé studies have been concentrated for the
equinox periods, in which the 1étitudinal variation of peak
electron density NmF2 shows a minimum near the magnetic equ-
ator and crests of similar magnitude to the north and south,
at about 30° dip latitude. Theoretical studies by BRAMLEY AND
PEART (1964, 1965), MOFFETT AND HANSON (1965), aﬁd HANSON AND
MOFFETT ( 1966) héve shown that an upward electromagnetic drift,
operating with electron production, loss and ambipolar diffu-
sion in the F,-region, can adeQuately account for the equa-

torial anomaly.

LYON (1963), LYON AND THOMAS (196%) and THOMAS (1968),
from studies of foFZ (F2 layer critical frequency) dafa, have
indicated marked asymmetries in the equatorial anomaly about
the magnetic equator during solistices. They have shown that
the day-time fOF2 crest is larger on the winter-side than on
the summer-side, and h F, (height of the peak electron density)
is_abouﬁ 100 km lower at the winter crest than at the summer
crest. THOMAS (1966) has shown that differences in neutral
gés temperature will produce an insignifioanf effect on the

W F, distribution. BRAMLEY AND YOUWG (1968) have demonstrated
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:thatuasymmetrical photo-ionisation rates will also not produce

any gross asymmetries.

HANSON AND MOFFELT (1966).and THOMAS (1968) have pointed
Qut that these asymmetries could be produced by horizontal
winds, with speeds of about 50 m sec_1, blowing across the
trough of the anomaly from the summer to the winter hemis-
phere. ABUR ROBB AND WINDLE (1969), solving the time-varying
continuity equation for electrons in the Fg—region, have
demonstrated that neutral winds can produce distributions
similar to day-time and night-time asymmetrical distributions,
indicating that ionisstion is trahsported from one hemisphere

to the other by neutral winds.

Nd observations of the F-region neéutral winds are as
yet available to confirm or contradict the above hypothesis.
But, it is ﬁointed out here that even the lower F-region
neutral winds could be contributing factor to the asymmetry
in the anomaly. Ionisation, if carried along by the meridional
neutral wind while it is moving upwards under the influence

of the E x B force, could cause an asymmetry.

The polar plots of FIGB 2.16 (a), (b) and 2.17 (a),
(b) do show that in the 150 km to 200 km height region there
is a preferential meridional flowAfrom the summer to the
winter hemisphere. This is particularly evident for the

evening twilight periods.
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Direct ev1dences of 1onlsat10n ‘being carried along by
neutral Wlnds in the north—south direction has been found in
the present Study1 From Table 2.3 and FIG 2.8 where the Velo—/
cities.obtained from neutrsl and ionised Barium clouds over
Thumba are summarised, it is seen that the north-south compo-

nent of the ion motion has been following the neutral motion

which was southwards, i.e. towards the winter hemisphere.

During the Barium cloud experiments over Thumba, one
of the rockets released 15 kg of Barium at a height of 150 km,
and 75 km west and 15 km north of Thumba, on 31st March 19€8
at 1745 IST ( + 12° solar depression). The results from this
launch have not been included in this study. However, it was
seen that the barium cloud released at 1745 IST, had drifted
far south when it could be first photograpvhed at 1915 IST
Yo observation wasrposgible before that time becauée the sun
was above the horizon. Both neutral and ion clouds were found
to be well separated and their new positions, at 1915 IST,
showed that the neutral cloud had moved nearly %20 km west
and 375 km south of the release-position giving a velocity
of about 60 m seo'—1 and 70 m seo—1 in the westward and south-
ward directions respectively. The neutral velocities dérived
for this experiment were, however, not accurate. The ion
cloud had moved to a new position, to é height of about 190

km, and 205vkm west and 180 km south of the release-position,
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yielding-aVerage speeds of 8 m secf1, 40 m sec” ' and 35 m sec”

in the upward, westward and southward directions respectively.

The large southward velocities i.e. from summer to
winter hemisphere obsérved on almost all the three occasions
from Thumba, alongwith a simultaneous movement of ,ionisation
in the same direction while it was moving upwards, gives cre-
dence to the argument that the meridional winds could be the
contributing factor for the asymmetry in the anomaly. The
earlier sodium cloud launchings from Thumba, which were condu~

cted during winter months, have also shown unambiguously that

the meridional flow is from the summer to the winter hemisphere

over the equator.

The north-south ionospheric drifts are difficult to
measure at the equator by the spaced receiver technique, beca-
use of the alignment of irregularities along the field lines.
However, DESHPANDE ND RASTOGI (ﬂ968) have been able to show
that the day-time drifts at'Thumba, during winter show slight
northward movement, while during eummer, considerable south-
ward movements are observed. BAMGBOYE AND LYONS (1968) drift
observations over another equatorial station, Ibadan, corro-

borate DESHPANDE D RASTOGI'S results.

These observational evidences, as also the general

beheviour of the meridional winds on a global scale, showing
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a pfeferential‘flow from the summer to‘the Wintér hemisphere,
strongly support the’hypofhesis put forth by HANSON AND
MOFFETT (1966), BRAMLEY AND YOUNG ( 1968) and THOMAS (1968),
that it is the neutral Winds.that cause the asymmetry in

the anomaly.



CHAPTER TIIT

UPPER ATMOSPHERIG STRUCTURE_FROM DIFFUSION

SRt

| OF_ROCKBT-RELEASED VAPOUR CLOUDS

WHEN chemical vapour clouds are relessed in thé upper atmos-
phere with the help of rockets, they mix with the air by the
process of diffusion. This diffusive transfer of mass from
the point of release to the ambient atmosphere takes 7place
mainly because of the gradient caused in the mass concentra—
tion. Some initial diffusion also takes place due to pressure
andltemperature gradients. However, as the released vapour
clouds reach ambient conditions soon after the release, the
subsequent mixing is entirely due to the gradient in the mass

concentration.

Though a majority of the artificial vapour release
experiments have been conducted for the determinatioh of winds
in the upper atmosphere, diffusion and temperature measure-
ments have also been made by several investigators. GOLOMB 
ET. AL. (1967, 1968, 1969), REES (1968), REES ET AL. (1972 A),
TLOYD ET AL. (1972), etc. have reported simultaneous aiffu-
sion and temperature measurements in the 120-250 km altitude
region from the vapour releases, from which atmospheric

densities at different heights have been inferred.

Barium-Strontium point relcases, made from Thumba

during evening twilight hours on 28th and 30th March 1968
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in thevheighf"range 130 to 200 km, have already been described
in Chapter IT in connection with the measurement of neutral
wind velocities. These releases have been also used for study-
Aing neutral upper atmospheric structure by observing their |
growth rates and thus determining thé molecular diffusion
coefficients. This study forms the subject matter of the

present chapter.
ER DIFFUSION EQUATION

If chemioal vapour is relessed at a point in the atmos-
phere, the resulting cloud grows radially. The initial expan-—
sion occﬁrs with nearly the velocity of sound, as the initial
pressure at release is higher than the awmbient. In order to
enable equilibrium to be established and the subseguent expan—
sion to be controlled by diffusion, the following conditions

have to be med

(i) After the release, the cloud must expand atleast
to a dimension equal to the equilibrium size,
equivalent to a sphere of radius Ty when the
number density of the released material inside
the sphere is equal to the number density

of the ambient,

(ii) If the temperature of the released material

is higher than the ambilent, the minimum
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equilibrium radius must be such that energy
density inside and that of the ambient are

the same, and

(iii) Sufficient collisions between the atoms of
the released material and the ambient mole-
cules must take place before the equilibrium

gize 18 reached.

The above conditions can be summarised by the following

expressions (MANRING BT AL., 1961 ) :

N .o
4. 30 0% A
) o]
4H_N Ty oy Ty
77 1‘3
3
ro> ML (M ~5)
where N -~ total number of atoms of the released material
TR = temperature of the material
n, = the ambient number density
TA = the ambient temperature
L = mean free path
r, = minimum equilibrium radius.

After the initial expansion has occurred and the

released cloud is in equilibrium with the ambient, further



151

expansion ocours:by dif fusion process. In the upper atmosphere,
~this is the case for Vabour'clouds released above a height of
sbout 110 km where there is no turbulence or the scale of

turbulence is large compared to the cloud dimensions.

For vapbur cloud rcleases below a height of 2bout 110 km,
turbulent (eddy) diffusion is an important process of expansion.
In the turbulent part of the cloud small globules originate,
which increase in diameter rabidly at first and slowly later.

Turbulent diffusion studies have been made by BLAMONT AND DE

JAGER (1961), COTE (1965)s etc. The expansion velocity in these
cases is a complicated function of atmospheric parameters, and

the cloud radius, unlike in the case of molecular diffusion,’

does not vary as the square-root of the time after release.

The differential equation describing the behaviour of
o diffusing spherical cloud which is being depleted at a rate
Kn at a point, having the contaminant - particle's number

density n, is 3

r::':’%__ = Dt iﬂr,r_lw + 2 fl:n ) - Kn (3.1)

where r is the distance from the cloud centre, t the time
after release and Dio (designated as D hereafter) the mole-
cular diffusion coefficient for the inter-diffusion of £wo
\dissimilar species (CRANK, 19563 JOHNSON AND LLOYD, 1963%) .

With the initial Gaussian distribution of the cloud given by
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N /// c ' , o / r~2 \ .

n (r,0) =n (o}o) exXp \= 5/ (%:2)
L/{ﬁe solution of cquation 3.1 is

’ ' 3 A r2' '
n (r,t) =n (o,0) exp (- Kt)b” exp (—~m? )(3.3)

. . - N I

e

where r, = the initial effective radius (minimum

equilibrium radius) of the cloud
ﬂ(d,o): the initial peak number density
‘?;V': rg + 4 D, \the effective redius of the
| cloﬁd at time ©

b = ro/re, s dimensionless time-dependent

parameter.,

Tn the following anslysis, the zero for time 1s teken
ét the first observation on the cloud, end T refers to this
time. Critical calculations for initial cloud redius at the
time of release have becn made by GROVES (1963 B), JOHNSON

_AND TLOYD (1963), LLOYD AND SHEPPARD (1966), ctc.

Equation 3.3 shows that at any point the decreasc in

pnumber density is due to two factors, viz.,

(i) the exp (-Kt) factor, which accounts for the
depletion.of the contaminant due to reaction
with the ambient, and |

(i1) ba'éxp (—rz/ri), which accounts for molecular

diffusion.
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_'iA_réactibn of'thé formv A
(cloud) +.(ambignt)mjng(product) + ha
‘results in avloss of cloud particles at a fate k np n,, where
k is the reaction rate constant np the reacﬁing cloud particle
number den51ty and n, the ambient atmospherb qnumber density.
Expressions for n (0,%) = n (o,0) exp (~K+t) in equation 3.3,

fof certain limiting cases, have been obtained by TLOYD (1965).
3.2 RADTANCE OF THE CLOUD ¥

For an optloally thin oloud “rendered visible by reson-

AR Eeciucmnaer s R oAb v T

ance. scattering of sunlight, the apparent surface brightness
of the cloud is proportionsl to the number of atoms in a column
A' of unit area along the lime of sight. The surface brightness.

is, thus, given by

(;,Zl
B = ‘Z%? kn(r t) ds photons cm 2 sec” str (3.4)
0

where g is the number of photons scattered, per atom. pexr
second, into 471 steradians and ds 1is the differential path

length along the line of sight.

J

Writing the column density | n (r,t) ds as equal to
)

ﬁ , for a spherical cloud with a Gaussian distribution of

contaminants,
v 2
2 @
ﬁ} (a,t) =n (0,0) exp (-Kt). b~ exp (7-«j§> , (%.5)

> r
e
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fa‘ beinguthe“perpendiCularvdistance‘from the cloud centre to I
the line of sight in unStionmlThe brightness distribution can

similarly be written as

. . ) ( a2x
B (a,t) = B (0,0) exp (-Kt) b exp (- “‘“”‘2’) . (3.6)

r
e

B (Q,o) being the brightness along the line of sight though

the cloud centre corresponding to zero time.

Tf a sunlit glow cloud is not very far above the earth's
shadow, the intensity of the sunlight incident on the glow 1s
diminished by absorption end scattering in the lower layers
of the earth's atmosphere. Since the height of the earth's
shadow does not remain constant, the intensity of the sunlight
falling on the cloud will chenge with time. If the time depen-
dence of the incident solar flux in such cases is given by

®(t), equation 3.6 can be replaced by the more general r

expression :
B (a,t) = B (0,0) £ () b° exp (\— 25 ) (%.7) :
I‘ N i

e

where £ (t) = P(t) exp (-Kt). The centre point radiance at

any instant is given by ﬁ
‘ ’ 2 “.:“
B (0,t) = B (0,0) £(%) D . (3.8)

In cases where U is of the order of, or larger than,

el
e

the reciprocal of the atomic scattering cross section L
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the Surfacu brlghtness is no longur proportional to ﬂ . For
such reg10n5 of thu cloud thc surface brlghtness is propor—
tional to the solar flux times the absorptlon line width. For
regions in which)} represents several optical thicknesses (one
optiéal thickness = /47 ), the brightness becomes independent
of 7 . Radiance of chemi—luminegceﬁt and sunlit glow clouds

for cases of

(i) emission with no absorption

(ii) cmission and absorption, with and without
re—emission of absorbed radiation

etc., has been studied theoretically by LLOYD (1965) .

343 FILM CALIBRATION

An understanding of the photographic.image formation is
necessary to interpret the measurements of the vapour cloud
expansion from the photographs of the cloud taken at fixed

time intervals.

The_total intensity of energy per sg Cm incident upon
the film determines the degree of darkening of the film nega-
tive, which is called the photographic density,jj . The law
of darkening of each film is represented by what are kmoWn as
' characteristic curvcs' of the film, i.e., curves of V Vs

logarithm of Exposure (i.e., 1n Exposure) This 'Exposure' 1is

defined as the product of the intensity incident on the film
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~and the duration of exposure. Over the linear portion of the
curves, the relation between the density, f , and exposure,

E, may be written as

§’ = 7V 1In B+ C (3.9)

where?ﬂ represents the contrast of the film and is given by

y"_‘ _ djj )
= d (In B)

The region of constant Y~ is the region of sharpest contrast®

- (film darkening) for a given change in ln E.

The determination of erequires a prdper calibration
of the film. The Kodak nqié;ig film, which was used in the
present study to photograph the vapour releases, was cali-
brated using a 6-step stendard neutral wedge. Wedge impre-
ssions were obteined dn the unexposed portions of the same
film-roll containing the cloud images, to keep the conditions
,oiifilm development the same for the calibration and for the
cloud photography. These impressions werse got on the film
for 1-sec, %-ses and 10-sec e€XposSurcs which were the same
exposure times used for cloud photography. This was to ensure

that the proper value of J was used for each eXposurc..
The photographic densities of these wedge impressionsg
were then determined by scanning them on a zeiss Densitome ter

and the output was recorded on a chart recorder. The densitics
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of‘wedge impressions on the film,»asjobtained from the densi-
tometric records, were_ﬁhenvplotted against the logarithm
of wedge transmissions (proportional to 1ln E) for all exposure

times thet were used for the cloﬁd photography.

The characteristic curve derived by the calibration
procedure described above, for the film uséd (Kodak 2475) for
1-sec and 3-scc exposures for the %0th March 1968 cloud rele-
- ases, are shown in FIG 3.1, where the zero of ln E scale 1is
arbifrary° Source brightness, for calibration with different
.exposurcs; were nbt,identioal. It was observéd that there was
little change in the value of J for the different exposures
of wedge impressions, which implied that reciprocity relation

was holding good for all the exposure times of the experimend.
3.4 MEASUREMENT OF CLOUD DENSITIES

‘The relationship between the cloud image as represented
by film density f , and the number density, n, in cloud can
be summarised as follows: As shown earlier, the column density

over the line of sight. distance is given by

D

q :hgn da particles cn?
0

and the brightness by

A

It then folloWs from Sections 3,2 and 3.% that
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where attenuation and other factors are iﬁcluded in k. The

exposure, E, is considered proportional to brightness B.

If}])f? and E represent the regpective quantities along
the line of sight at a distance 'a' from the cloud centre, and
No fg and E_ represent the same quantities along the line
of sight through the cloud centre, then for an optically thin

cloud equetion %.9 can be written as 3
--’~\"O B 3 ]

= 1ln ~= = ln —=— = 1ln -~ (3¢11)
YT }LO BO flo

Equations 3.10 and 3.11 are valid if the range of exposure, B,
associated with the vapour cloud, remains within the region

where | is constant.

wéécro—densitometry was performed for the Ba-Sr clouds
(avoiding the overlap of ionised Barium) released on the 28th
and 30th March 1968 to obtain photographic densities. Atleest
15-20 phofographs taken‘duriﬁg the cloud gfowth were examined
for cach case 1in this study. A typical micro-densitometric
scan for one of the clouds is shown in FIG 3.2 (a). Por each

ClOUQ,ﬁEﬂQ‘EPanS were madc at rlght angles to one another to

. T e - P

ensure the sphericity of the cloud. The variation in radiance
across the cloud could be found from the micro—densitpometric

Scan with the help of the characteristic curve, and from this
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the effective radius could be determined. The detailed proce-
dure is described in Section 3.5 where the procedure for the

‘background sky-brightness correction is also discussed.

The brightness distribution across the cloud diameter
for the scan relating to FIG 3.2 (a), is shown in PIG 3.2(D) .
-That this brightness distribution is Gaussian is obvious from
the straight line nature of (Egg_§_ze_gi) plot shown in
FIG 3.2 (o). o

The distance on the negative of any pointwof ﬁhe cloud

st s s e 21

from 1ts oentre is converted to 1to actual dlstance 1n space
e i e T : R .

by multlplylnﬂ it with the ratlo of the range of the cloud

‘£rom t@e_gameggﬁionthe focal length Q£ﬂthe_leg§u For clouds
which show a non-Gaussian behaviour, the effective radius
can be calculated from the slope of the straight line segment
of the plot of log B against az, although the analysis of

the glow cloud in terms of Gaussian medel is strictly not
valid for such cases. However, pfovided that the non-Gaussian
part of the croee'seotion is relatively insignificant, rés

may be inferred, but with caution.

The non-Gaussian shape is more marked during the
early development of the glow clouds, especially at the lower
altitudes. FIG 3.3, reproduced from LLOYD AND SHEPPARD (1966)
summarises the oondltlone under which the radlanoe distri— )

bution is substantially Gaussian, as a function of altitude.
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The Gaussian nature of the profile for the clouds at

selected intervals was ensured for making reliable measurements

" of diffusion from the photographs. -

s
B o, oo
il feghim

3,5  DETBRMINALION OF DIFFUSION COEFFICIENTS  1'( Y

Several investigators have used different methods for
measuring the expansion of a chemical reiease and deriving
the diffﬁsion coefficient in the upper atmosphere from these
measurements (MANRING ET AL., 1961; COTE, 1965; LLOYD AND
SHEPPARD, 19663 REES, 1967). The method used by the author

is described in detail below. A brief account is also given

of other methods, the conditions of the vapour cloud in which‘\

they are used, their limitations, the errors involved and

the procedures for applying corrections.

3.5.1 Effective Radius Method | k\\\\f
This method is what has been used to analyse the data

presented inhthis thesis. This method has the advantage that

depletion of the contaminant due to reaction with the ambient

or due to diffusion does not affect the results.

For an optically thin cloud, the brightness distri-

oo s TR T
N e T S

bution across the cloud is, as shown in Section 3.2 given
by:

» i
B(a,t) = B(o,t) exp {é ) ' (3.12)
. \ 7

o'nd "o

i
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-The effectlve radius of the cloud, T, at any time, t, is the
radius of the contour of brlghtness, Whlch is 1/e times the
peak brightness at the centre of the cloud, and, as already

defined, is given for a spherical cloud by:
2 2
ry = Ty * 4 Dt

- The slope of the plot rg vs t gives the diffusion coefficient.

Over the linear portion of the characteristic curve of
the film emulsion, the photographic image density at any point
of the cloud corresponding to a brightness B is, from equation -

3.9, given by

N\

Y - Y 1nB+C

where C' is a new constant which includes the proportionality
constant between brightness B and exposure E. Corresponding to
cloud brightness BO at the centre of cloud and Bé at the effe-

ctive radius

¢ oo

<o = Yin B + C

N B

(\;" = Yll’l + @'
4 e

I

0 -G Y. (3.13)

e 20

and hence

Thus a measurement of the radius of the cloud on the density
trace at a pdint(¥e'= g@ —"f“ gives the effective radius

.of the cloud.
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3 5. 2 Correotlon for the Skv Baokground Brightness

| The presence of brlﬁht and varlable sky background
vitiates the accurate measurements of the cloud densities
unless proper correction is applied. Bky background results
in 4 baokground photographic density over a region outside
the cloud image and 21lso modifies the density over the cloud

image .

Depending on whether the background photographic density,
say ‘@b, corresponds to the linear portion of the character-
istic curve, or to the toe region, two different procedures

nave been adopted for the background correction:-

a) When %b Corresponds to the Linear Reglon

The relation between image density and brightness for
background, background plus cloud central brightness and
background plus brightness at effective radius point, can be

written respectively as

Qb = Y 1n By + C'
and go =Y 1n (Bb + Bo) + C' (3.44)
B i
G 2 «
Ye T ¥in (Bb + e) + O

The first step here is to calculate the ratio X of the true
central brightness of the cloud to the brightness of the sky
background, by eliminating the constant C' from the first

two expressions of equation %.14. The result is:



¢ - = Ym(wn - (3.15)

The density ?e appropriate to the contour of brightness 1/e

times central hrightness is given by :

¢ 9 o~ 1+ X
ye = o ¥ in ( IESYL (3.16)
From a comparison of equations %.1% and %.16 one can define

an effective ¥~ for the film for different X values as 3 |

VNS R U ¢ 2
Voge = Y1n \\'T-?‘}‘U’é') (3.17)
The ratio of X is, in general, a smoothly varying
function of time. The variation with time of X and of the
;esulting ‘Ygff for the highest cloud release on 30-3-1968
over Thumba is shown in FIG %.4.

b) When %fb Corresponds to the Toe Region

- . -

In this case, the values 1n Ej and 1ln E, are read
along the 1ln E scale appropriate to the densities go and ‘?b
from the characteristic curve. The ratio X 18 calculated

from

n (14X) = In Ej - 1n Ey

The value i§e is now read on the characteristic curve corres-

ponding to the brightness Ee given by
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" 7 = 1n B - | 'j - ‘ :
in Le =.1ln ,BO C1n {‘,lm) (3.18)

Once the radius of the cqntoﬁr of photographic density
'Qe is determined from the densitometer scans, the effective
radius can be calculated, knowing the digtance of the cloud
from the camera station and the focal length of the camera

lens.

' 3.5.3 Other Methods

e e i 1

When the brlghtness distribution 1S‘non—Gau881an\ or

the Cloud is optically thick, or when the effective radius of
the cloud is not easily measured, variants of the above method,
as outlined below, may be employed for the determination of

the diffusion coefficient.

a) Maximum Radius Method

This method is used when the cloud %g/sﬁ%ically thick,
and the other methods with their requirement for a Gaussian
profile are not acceptable. The assumption implicit in this
method is that, in terms of surface brightness, the sky back-
ground brightness remains constant. Thustthe visual edge of the
cloud is defined at 2ll times by a constant value of B, say
. 4

ed? with corresponding radius, a,5.

aBed

From equation 3.12, with =T = 0,
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: , : 2 :

d .2y . _d 2, [ %ead

ot (eea) = —q% (xe) t = - 1 (5.19)
v e {

As the cloud expands, 8s4 reachés a maximum and then starts

to contract. Tf this radius is denoted by 8 .xs bhen at this
. 2 2 : ‘
time To T 8oyt Equation 3.12 then reduces tolmyw

2d _ - (%.20)

a2
1 1 ed
p) =7 exXp -7
e a i T
max e e
i.e r2 a2
’ '“"e - = ll’l nax + 1; 7 (3.21)
2 2
a r
ed e

This equation can be solved, for obtaining rg, by knowing

~ 2 .
m -
Bsq and N— The slope of the plot of“re vs t gives 4 p.,

The method is feasible only if the total integrated
intensity of the cloud and the sky background do not ahange

during the observation period.

b) Gradient (ln B) Method

The diffusion coefficient can also be found from a

plot of
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o

éi%w(ln,B)
2"

ve t .

which has a gradient of 4 D. As with all the methods, for the
‘measurement to be exact, the cloud profile has to be Gaussian.
The additional condition for accurate measurementslis'that the
total integrated intensity of the cloud, P(t), has to be
constant with time. REES (1967) has shown, from his glow cloud
me ssurements, that P(t) 1is, in general, not gOnstant, though

a correction factor, '

el

&

D

1n g B(a) a2 da/1n
0 o]

Tm\

B(a) a2 da (maximum) (3.22)

ol
A
3

A

where 1n B(a) a2 da (maximum) is the peek total output of

O

the cloud, can be used to correct the gradient measurements.
This depends on the accuracy of the integration of the total

intensity of the cloud.

c) Gentral Intensity Method

The central intensity of the (optically thin) cloud
~at any time t 18 given by :

2
T

B(O,JG) = B(an)’z <
r, + 4 Dt

From this

wrﬁ
21
5
il
N
o) m}
i



and thus
& B (0,0) . 4D -
3t Blo,%) T L2 : (3.23)
o ’

which yields diffusion coefficiean

The requirements of this method are mos+t likely to be
found in small spherical puffs, as those of rocket grenades.
However, when the total intensity of the cloud changes with
time the method suffers from the same limitations as described

in (a) and (b) above.

a) Measurements of Faint and Trregular Features

TIn the lower regions of the trail releases, below 110
kxm or so, the cloud breaks up into globules and eddies. Also
the wind distorts these clouds to such an extent that portions
of the trail from different altitude levels are seen along fhe
game line of sight. Under these conditions, the usual methods
of determination of cloud expangion are gifficult, and the

following method is used (RBES, 1967 ),

A brightness level By corresponding 1o density fi is
chosen that is clear of interference.from other parts of
trail or the film noise level. This intensity contour has a
radius aq which is measured alongwith Bl,and the peak inten-—
sity By The effective radius r, cal then be calculated

froms
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2
a
_ 5 1
Bl = BO LXp <— —“é- }
. re
hHence | A
. B
~ = 1n = . . (%.24)
ay o}

The plot of ri ve t gives a straighf line, the slope of which
is agsin 4 D. This method 1s a more exact version of the Maxi-
mum Radius Method, since, in this case, the ratio of the two
 brightness as can be directly measured with better accuracy,
and the measurement of aj is more precise, as it can‘be a level
which is distinct from the extreme edge of the cloud image

and is thus not Susceptiblé to film grain size etc.

sl

3.6 SOURCES OF ERRORS IN THE MEASUREMEWT OF T AND D e

The sources of error in the mezgsurement of the effective

radius, Ty, leading to error in the resulting diffusion coeffi-

cient, D, lie in quantities involving graln size, non—unlformlty

e i A i s i 3N

of film emulsion, development process, and 51gna1 tO‘ﬂOlSu
ratio of the image. Besides these, factors such as the error

in measurement of range of the cloud from the cemera, discussed
in Chapter II, are also to be considered. In addition, the
instrumental errors of the micro-densitometer and camera, and

dispersive atmospheric effects also contribute to inaccuracies.

3,6.1 Film Effects

A great deal of care is to be exercised in the correct
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snoice “of f£ilm, its calibration, developmént, etc., for the

giffusion measurements. Fllm greln 51zc is.a llmltlng faotor

if small soele feﬁturus of the cloud such as turbulence are

S

to be utudlbd In the moleoulqr dlffu81on meqsurement% the
é;;In size contributes to the background noise level, and -
this in turn contributes to an uncertqlnty in the brlghtnusg
profile determination. In the present study, the root-mean-
square base level fluctuations of the micro-densitometry
profile veried differently, and OH/EE average it was estimated

to contribute to an error of abouﬁ!?%/dn the image density and

brightness determinations.

3.6.,2 Instrumental Brrors

The micro-densitometer used for the density traces was

the Zeiss Micro—densitometer, coupled to the Zelss Recorder.

The error of tracing, end measurement from chart, of the density

O

and the efﬁective‘radius was estimated to be not more than 2%.

The effectsof cemere dlstortlon (section 2.5) and

e T T e s

vignetting are oon51dergd too gmali to necessitate any corre-

-~ e

ction to the measured effective radius.

————————

%3.6.% WNon—central Scanning

The equation for the brightness trace can be written

as (REES, 1967)



’ 12 L 2
B(a) = B_ exp (-— -5 )
- /

e

. 82 \

— 9 e e

= BO K' exp 5 /

Te

where X is the shift from the cloud centre at which the scan
2,2 .

has been made, and K' = exp (- x /re Y. It will be seen that
only the maximum signal ‘will be affected, with no chenge in

the value of Te s Tt must be mentioned that x also obrrespmyds

to an altitude shift (of not more than about half km) of

scenning and this could meean an ‘actual change in the diffusion

coefficient. This error will reflect as a scatter around the

mean, but for small values of x the error will be megligible.

%.6.4 Uncerbainty in the Renge of ‘the Cloud

As will be evident from Section 3.4, the accuracy of
determination of the effective radius, Tg, is dependent on
the range Qf the cloud from the cemera. The uncertainty in
the fange of the cloud has been discussed in Section 2.5..
An error of about 3 ﬁo 4% is estimated in Ty due to this

uncertainty.
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3.6.5 Atmospheric Bffects

Tn the theory of diffusion (Section-3n2) it has been

snssumed that the release of contaminant vapour does not alter

. : , (Cf’/\am%c.")
the ambient atmospheric properties. This assumption may not
strictly be correct. Again, excessive contaminant would result
in self-absorption énd/or large surface brightness, leading
to photographic densities in the shoulder region of the chara-— .
cteristic curve, which would vitiate the measuremehtsa'Further,
the featurecs themselves become distroted by the‘combined
effects of turbulence (50 m to a few km on & microscopic scele)
and wind shear ( a few km- to some tens of km on & macroscoplc
scale). Finite photographic_Efggigfiwﬁémgmand_@ggg‘moﬁiggvof
the cloud are factors which have also to be taken.into account

for obtaining correct results.

a) Turbulence

Tn the present study, it has been assumed that there
is no turbulence above about 110 km, and besides, all the

measurements were carried out above 130 km. The effects of

. eyt e

turbulence would be that the brightness profile does not

remain Striotly Gaussian throughout and the value of D

et
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Vobtained is larger than what can be expected from molecular

diffusion. The Qgggyture from'straight’line of the plot of rg

vs t may reflect to some extent. the effect of this.

b)) Wind Shear

If a velocity gredient exisfs across the cloud, the
cloud shape would become elliptical. If v be the velocity
~along the x direction and has a gradient along the .y direction
( perpendicular to x), vy being zero, the axis of the elliptical

cloud will be at an angle © to y axis, given by (REES, 1967)

-
Dy
i v X JG
tan 2= ——= . ¥
oY 2
which is proportional to jiig for smell €s. Here t refers
3y

to the time after the release of the cloud.

A densitémeter trace along y = o will still give the
correct radius. An estimate of the shear effect could be
assessed, if the cloud radius is determined from central
scanning on two mutually perpendicular directions. In the
present study, as the clouds were released abovg 150 km,
wherée shears are usually smell (the actual shears could not
be measured, because these were point relesses), no notice-

able difference was obscrved in the perpendicular scannings.
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BEDINGER AND CONSTANTINIDES (1968) and QUESADA AND MACLEOD
(1972) have discussed diffusion coefficient determinations in

the shear regions.

c) Finite Exposure and Wind Velocity

For a finite photographic exposure time, the micro-
photometer study of the cloud photograph will not give the
true instantancous brightness profile because of the proper
.motion of the cloud due to winds, which results in a smearing .
of’the olbud image. The observed effective radius, r;, will
in such cases be larger than the true effective radius D It
has been suggested (REES, 1967) that a correction can be
applied as r, = ré —~ %1 vT when v is the wind velocity and T
ig the exposure time.

This problem has been investigated analytically in the
present study, and 1t is found thet the correction suggested
above is not appropriate and is too large. The brightness B(P)
of a spherically symmetric cloud along the line of sight
through e point P at distence a,from the cloud centre 1is

given by

B(P) = B(o) exp f~

JﬁJmm

where B(@), the peak central brightness, is assumed to remain
constant during the short time interval of exposure. The

1ine of sight through P (fixed in space) which is at a
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vdistance_'af from the cloud centre a2t the beginning of exposure
(t=0), will be at a disfanoe (a-vt) after a time 't', 'a' being
reckoned positive in'the direction bf v. For an exposure Time

T, therintegrated brightness along this line of sight would,

therefore, be

T 2
“BTP—)“="BTBT§6XP1—<3'T) | at
H / "
or : e ©
.. | o
5(P) - Wo). e |ert (&4 ert (5 VL) (5.25)
v e el .

terf" being the error function.

The brightness profile measured from the micro-photome-
for study of the cloud photogreph will correspond to B(P) and
its effective radius will be ré. It can be shown that ré is a
function of vT/r—e ohly; hence the correction applicable due
to finite vT can be presented, as in FIG 3.5(a), as a curve
of percentage increase in r, VS vT/re. The figure also shows
thet even for vI= 2 r, the ratio ré/re = 1.%4, wherees
according to the correction suggested by REES, this ratio

' should be two, amounting to 100% error when vT 18 neglected.

FIG 3.5 (b) shows the profile of BP) for vI = 2 T,
compared with the brightness profile B(P) for vI = o. It is
scen thet except for increased effective radius ré, the

Gaussian nature of the profile is not me asurably distorted.
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One featdrevnot shown in the diasgram is the shift of the

" position of central peak brightness by ¥ vI.

!

To get a closer insight into the pr§cess lesding to
increased effective radius,'the.effect of finite exposure end
finite wind velocity on the measured brightness distribution
can also be looked upon in the foliowing way . When plotted in
units of T the instantaneous brightness profile (assumed
Gaussian) is a normal curve with effective radius equal to
uniﬁy, The effect of finite v and T can now be.considered as
the scanning of this normel curve with a reotangulér window

VT/re, This also.explains why percentage increase in Tq

ig  function of vI/r_ only.

It may finally be concluded that for usual photographic
exposures of about 10 seconds énd for atmospheric winds upto
100 m Sec_q,vthe correction to the effective radius is quite
sﬁall, eioept for the very early parts of ébservations (where,
however,'one does not use exposures as 1ong‘aé 10 seconds) .

In any case FIG 3.5 (D) may be used to correct for the effects

of wind and exposure.

3.6,6 DProbable Errors

While the atmospheric effects can duly be dealt with
in the measurement of r_, the same is not possible in respect
of the accidental errors described in Sections 3.6.1 to 3.6.4.

As & result of these, the probable error in a particular

measurement of the effective radius re ig estimated to be
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e AT

about 8% The probﬂble errorjhn the dutermlnatlon of the .

error in r,, Where n 1is the number of T, measurements. In the
present study, atleast 15 to 20 pictures were analysed for the
T measurements for each cloud release, and thus the mean
probable error in D 18 estimated to ‘be around 4% due to these
effects. At lower heights, more'number of photographs (about
25 to 30) were analysed, end consequently, the error is expe-
cted to be only about 3%. The probable error due to these
sources can be obtained from thé(rg vs t) plot and this has

been computed for each cloud relcase.

3.7 DIPFUSION COEFFICIENT RESULTS

Using the effective radius method described in Section -

3.5, the diffusion coefficients for the Ba-Sr point releasess at
13% km, 152 Em, 174 km and 205 km of 28th March 19€¢8, and at
152 km, 180 km and 204 km of 30th March 1968, were determined.
On 28th Merch 1968, the cloud releases at 205 km and 152 km
showed vertical velocities after.about 12 minutes and 20 minu-
tes after release respectively. The diffusion measurements on
these two clouds reported here, were made when they had main-
ained the constent height.

Typical plots of rg vs t for two c1oud.reieases are

shown in *IG %.6. The probable error in D was assessed for

each cloud release and did not exceed 6%, except for the
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204 K cLoud rplecse of 30th March 1968, for which the probable
' error wes around 12%, Table 3 1 1lst5 the measurud diffusion
'coefficients with the correSponding-probable errors for the
different clouds on the two days. FIG 3.7 shows the plot of

D ve altitude.

Table 3.1
- Date and Time of Altitude of . Diffusion coefficient
Bweriment fiii;??-ﬁf?l;__;,__Lz_igifwm__gge,izm
28th March 1968 , 205 9.65 + .58
1855 IS8T .
174 4.07 + .18
152 0.79 + .03
133 0.46 + .02
%0th March 1968 204 , 10.80 + 1.%0
1855 IST
. A 180 4.50 + .23
152 1.38 + .04

_.—_.-_..__.__._.—-..........—..__——_.—._.a....——-.-_._..-.—-_........_._...-.__..__._-_-.—._..-_.._.--.-.-...-.__..._.‘...—_.-_—-—

3.8 ATMOSPHERIC STRUCTURE FROM MEASURED DIFFUSION COEFFICIENTS

The molecular diffusion coefficient for inter-diffusion
of two dissimilar species (denoted by the subscripts 1 and 2)
is given by the expression ( CHAPMAN AND COWLING, 19603

HIRSCHEFELDER ET AL., 1954)

| -7 . 1 -
D = 2.628 x 10 (T3/21A E m2 sec L (3.26)
12 o 12
P02



Wheré'P.and T are respectively pressure in atmospheres and
_ tem@eratare in degreeleeiVin,1;12 is’the_reduced'molecular
weight given by y%MZ/(M1+M2),_M1,'M2 being the molecular
~weights of the two species, andﬁ({z is the temperature-

dependent collision cross-section between the two species.

, 2 2 T -
One can write 5?2 =¢joj1(T*) where )y is the temper-

ature-independent collision cross—section, and {L(T*) is the
‘temperature—dependent part of'ﬁqz._The factor J2(T*) is a
tabulated function of T¥ = Tk/¢ , where k is the Boltzman
constant end € is the force constant in the inter-moleculexr
interactiona Numcrical tables of SL(T*) vs T* exist for.several
assumed anaiytical forms for the inter-moleccular potential
functions (HIRSHFELDER ET AL., 1954). In the present calcu-
lations, Lennard-Jones (6-12) potential function (FIG 3.8)

has been used for the calculation of L&(T¥).

LLOYD AND SHEPPARD ( 1966) have proposed e method for
the caloulatidn of the atmospheric temperatures from the
diffusion measurements. To outline their method briefly, the

ratio HP~1 /HD—1 is first calculated for a relevant model

atmosphere for different heights, where Hp — and Hp are

-1- Q.P ’ ..1 .QQ o) S 1 MM e < ¢ ' 1 d -
-5  ia and - T dz respectively. The observed values of
i;” ! are then multiplied Dy the value of this rebio at the

corresponding heights to obtain HP ! and hence the temper-

atures. As is obvious, the method relies to a considereble
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BTe 4.8 ¢ Lennard-dones (6-12) intey-
motecular interaction potential.
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extent on the pa:ticular model atmosphere chosen to calculate

- '_;_dl L. . n 5 ) .
HP1/HD .- Temperature profiles calculated by this method show

‘large deviations compared with the model atmospheric profiles.

An élternative me thod has been deveioped in this study,
which appears to work much better and does not depend upon
assumption of any model atmosphere'parameters except that it
makes use of the temperature and number densities at a single
_ height, preferably the highest height at which the diffusion

coefficient is determined.

Above 100 km aititude, different atmosphcric species
undergo diffusive separation (JACCHIA, 1971), end consequently

their number density distribution can be represented bys

= =2 a N
ng =10, T °xXp | J W) dz (3-27):
z ' :

0

where TO and TZ are the temperetures at heights Z and 2z
. 0 . C

respectively and ng and ny the corresponding number densities

for the molecular speciss of mass 1. Atomic oxygen (0), mole-

cular oxygen (02) and molccular nitrogen (N2) have been

assumned to be the major constituents above 100 k.

Differentiation of equation .26 and incorporation

of the reletion 3.27 gives

i 8 MR o daM

1 ] A
T dz  TRT WM. ¥ M, Tdz
%ﬂ - . AR A (%.28)

Z _ E o(1)
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Lquatlon 3 28 can be used for the calculatlon of the
atmospherlc temperdtures from the obeerved ’H£1. In the above
equatlon,_@R and LA are reepectlvely the molecul”r weight of
the contaminant vapour molecules and the mean moleculer weight
of the ambient atmospheric species, and R is the gas constant.
The mean molecular weight of the ambient atmosphere at any
height is obteined from the relation

g:ni Mi

= B
9

A =

Mi being the molecular weight of an individual atmospheric
constituent. The term G(T) in the denominator of equation %.28
tokes account ‘of the temperature variation of the collision

cross=gection. It is given by

1 1 d-si
c
where T, = %ﬁ and T¥% = T , and can be calculated as 2

numerical function of T from tables of Sfivs T* (HIRSHFELDLR
BT AL., 1954) if the force constant term € in the interaction
potential of the conteminant - ambient interaction is known.
At present, dste regarding force constants for the interaction
be tween dissimilar molecules are practically non-existent.

HTRSHFELDER BT AL. (1954) suggest, however, the use of &

combining law, éjj =Y§i éj’ to calculate such force constants

from the force constants of interactions between gimilar



molecules. BIRD ET AL. (1960) have suggést@d emperical expre-

ssions for the estimation of force constants and collision

cross—scctions from

the propertics of, the fluid at the criticel

point, c, liguid at boiling point, b, or the solid at the

melting point, m, by the following relations;

’
€ _ 070, 6= 0.841 717 or 2 44(\TQ \/5
k ) c’ - c ’ ‘Pé'}

e _ - 1/%

Ti = 1:1) Tby L> = 1-166 Vb,liq

& _ oo m A 1/3

£=1.921, 6=1.222 V /¢y

. .. o0
where &/k is in K,

PC in aftmospheres.

- . -1
4 in Angstroms, V 1n cm3 g-mole , and

y . O,v.,.. - . . ~
The value 410 K for & /k was used for interactions ol

Ba-Sr atoms with atmospheric constituents. For interactions

involving aluminium
€ /k has been used,
inferred this value

A1O from the values

oxide-sir molecules, the value 120 °k for
after LLOYD AND SHEPPARD (1966), who have
appropriate to the nmolecular weight of

of € /% for other substences tabulated by

HTRSHFELDER ET AL. (1954).

Temperatures

were determined by integrating equetion

%.28 in steps of 1 km. Upwerd integretion, with assumed values

of tempersture and number densities of O,O2 and NQ, as taken

from the model atmosphere (JACCHIA 1971), for the lowest
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.alfitude of meaSu:emeht;led to negative.temperature gradients
vetween ﬁZO-ﬁo 150 km, which made furtherbupward integration
difficult. Hence downward infégrﬂtion, étarting from model
atmosphere values for temperaturerand ﬁumber densities appro-
priate to the highest altitude for which D was measured, was
resorted to. This led to more satisfactory results. Cause for
the failure of the upward integration procedure 1is discussed
in Section 3.10. The present method simultaneously calculates
.the number density profiles, molecular weight profile etc.,

~ besides the temperature profile, end thus these need not be

taken from the model atmosphere for every height.
%.9 DERIVED TEMPERATURE RESULIS

Temperatures were calculated by the ﬁethod outlined
above from the diffusion meeasurements on Ba-Sr neutral clouds
released over Thumbe. FIG 3.9‘shows the temperatures calculated
and also the model temperature profile for comparison. It will
be seen that the temperatures calculated for 30th March 1068
'agree closaly with the model atmosphere tempefatures, but
those calculated from 28th March 1968 data show departure,

particularly below 150 km.

REES ET AL. (1969) have reported upper atmosphere
temperatures calculated from their diffusion measurements on
gluminium oxide vapour clouds, using the technique described
by LLOYD iND SHEPPARD (1966) . Th.ey have also reported direct

spectroscopic measurements of the temperatures. FIG %.10 shows
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| the twoediffusion pfofilee that'have beeh»ﬁeasured by them.

" This diffusion data nas also been used in the present study
to calculate temperatures. FLGs 3,11 and 3.12 show the temper-
gture profiles as celculated by the author using the me thod
described in Section 3.8, and ae calculated by REES ET AL,
using LLOYD ANDVSHEPPARD‘S method. These figures also show,
for comperieon, the model atmospheric temperatures and the

spectroscopic direct measurements.

Tt will be seen from I'iIG %.12 that there is‘good agres—
ment between the reeulte obtasined from the present nmethod and
the model atmosphere temperatures. Direct temperaturc measure-
ments are much lower. Temperatures calculated by R ES BT AL.
by LLOYD AND SHEPPARD'S method show poor agreement with both
direct measurements end the model atmosphere ftemperatures.

FIG 3.11 shows that spectroscopically measurcd temperatures
~and model temperetures agree closely and temperatures calcula—
ted by the present method are some what higher. Those calcula-

ted by REES ET AL. are again very much in dieagreementa

T+ will thus be seen that the present method, begides
being much less dependent on the model stmosphere than the
LLOYD AND SHEPPARD'S method, is also superior to the latter

in the final temperature results.
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'3.9.1 Accuracy_ in Températures

The sotual error in diffusion measurements was, in most
cases, less than 10%, but even assuming a 10% error, the
inaccuracy in the calculated temperature at any height has

been estimated, from actuel computations, to be not more

than T%.
There are two further sources of error that require
study. These sre the uncertainties in the mean molecular weight

(doerbd from the number densities of ambient constltuents)qnu

the temperesture assuned &t the highest altituden-To 888e88

the resulting inaccuracies in the temperature profiles due %o
these two sources, equation %.28 has been iﬂtegrated for
REES ET AL 's profiles (because of their larger altitude

cover@gb), aSSHﬂlﬂg the atmospheric mean molecular weight to

ve 5% above and 5% below the cgsuned JACCHIA (1971) wvalue.
SlMll&rly the profiles have also been obtained assuming the
tempergture ot the highest altitude to be 50 %K above aﬂ&

50 °k below the model value. The following conclugions emerge

from these calculations:

Chenges of 5% in the mean molecular weight at 220 km

result in about 3% change in the cslculated temperature

profile around 120 km, the difference being progressively
smallér fof the higher eltitudes. The temperature profiles
calculated with different starting temperétures at 220 km

tend to converge at lower altitudes, their comtribution to



the uncert Jnty in thb oclculatud temperatures being conse-
quently chller This converéencu has beun used to cdvcntqge
in 1ntcgrct1ug equation 3.28 downwards . ihe error in temper-
aturc detcrmlnatlons duu to uncertalnty in the value of €/k

has been estimated to be less than 2%.

The overall ipeccuracy consequent on these sources

can be estimated at any height to be not more than 10%.
3,10 ANOMATLOUS TEMPERATURE PROFILE BELOW 150 KM -

Tt is seen from FIGs 3.9, 3.11 and 3.12 that the temper-
ature gradient pelow 150 km assumes negative Values, This was
one of the main reasons why upward integretion of equation
%.28 could not be cerried out for deriving the temperature

profile from the observed diffusion profile.

The indications of anomalous temperature ﬁrofiles below
150 km heve also come from the analysis of many other diffu-
gion profiles of other investigators (results not presented
here), and slso from mass- spbotromctur composition proflle
(SHIRKE BT AL., 1969), incoherent scatter results etc. Various
possibilities for such temperature inversions are discussed
below, with special reference to the results of the experiment
carried cut on 28th lMarch 1968 over Thumba.

5.10.1 hdditional Diffusion

The various terms important in determining the tempexr-

ature gradient for the ebove experiment at some heights are
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given belows ~ - S » , : %

1ap - 8 : 3
Helght Ddn  EU. @ 2T o
200 0.02 0.02 -0.0008 0.0015 ~0.000%
175 0.04 0.03  -0.0009 0.0016 -0.000%
150 0.04 0.04  -=0.0013 0.0032 ~0.0007
140 0.03% 0.04  -0.0015 0.0030 ~0.0006

(GL represents the third term in the numerator of the right

hand side of equation 3.26).

The diffusion coefficient derived for 28th March 1968,
at 150 km, is about half of thet derived for 30th March 1968.

The diffusion profile below 160 km on 28th March gives values

1 db
D dh

temperature gradients. This suggests additonel diffusion,

of which are rather too low, contributing to negative
besides molecular diffusion, below 150 km. If this process
could be turbulent diffusion, the plot of the square of the
effective radius vs time should have also shown up large
departures from a straight line plot. This, however, wes

not the case.

%,10,2 o/o2 Ratio

An explanation in terms of mean molegcular weights,

taking recourse to the controversy, of the ratio between



0 and.Ozg'is elso ruled out° An O/OQ ratio, of atleast about
30-40 at 150 km, is 1equ1rpd to offset the negative temperature
gradients, whereas the present -day model qtmospherbb mnay ellovw

o ratio upto a maximun of about 15 at this height.

5.10.3 Wave Propagation

Many investigators (RQSENBERG AND JUSTUS, 19665 WOODRUIL
B7 AL., 1969) have comsidered viscous energy dissipetion of
winds at these levels. The role of joule heating by atmospheric
current systems is also an importent source of heat in this
region. SPENCER ET. AL. (1970) from probe measurements have also
pointed out the importance 2t 150 km eltitude, of other energy
sources. But, becsuse of the short time for heat conduction
at these levels, any iooalised heat-input would make the temper-
zture profile smboth in a very short time. However, the rever-—
sible heeting, thet has been advocated by HINES (1965), has
shown sowme promise in explaining some of the temperature
cpomalies at BE-region heights observed by incoherent SCuttur
me thod (HOOhL, 1969) . Gauging- from the rather Slnu501dcl nature
of the temperature profile of ogth March (though derived with
the help of releases made only o+t four heights), it looks |
plausible to invoke the atmospheric waves for explaining the
anomalies. It has alrcedy been discussed (Section 2.3) that
vertical winds, and verying horizontel winds were observed
on this day. The estimated vertical wavelength of the temper-

ature profile (about 60 km ot 170 km) is compatible with a

3
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similar wavelength deduced‘for vértioal.windsg It would have
been worth the While if it was possible to-meke diffusion
-messurement fhe succecding morning, to tesh if a downward
phase progression was observable, Whioh would have unanbi-

guously proved or disproved the propagating wave Pphenomens.

However, from the two profiles of REES BT AT. (1969)
it appears that such plausibility is verified. If, in the
derived temperature profiles(FIGs 3.11 and %,12) the features
at 145 km (in the morning profile) and‘at 130 km (in the
evenlng profile of the same day) ‘are to be identified as
81mllqr ones, one has then phusc progression downwards corre—
sponding to energy propegation upwards. REES BT AL. (1972 A),
from an auto—correlation study of horizontal wind profiles of
thege two experiments, have reported vertica 1 wevelengths of
the wind profiles which are in agreement with those derived

from the temperature profiles.

REES ET AL. (1972 4) and LLOYD ET AL. (1972) have also
reported tempereature Gnd density anomalies, but at greater
| heights. GOLOMB ET AL. (1969), making gimultancous diffusion
and femperature neasurements, report that a wave-like structure
ig evident in some diffusion curves, and that these cennot
be explained in terms of corresponding temperature changes,
and that compression—rar&hction waves ére probably involved.
BERNARD AND SPIZZIGHINOY(1971) repor’t q@mi—diurnal tempera—
ture oscillétions in the 100-140 km region with vertical

wavelengtis of the order of 50 km.
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Thus, there seems to be strong evidence for wave pro-
pagation being a major contributor to these atmospheric

structural enomalies.

%3.10.4 Departuresvfrom_Baromgﬁric Law

MAYR AND VOLLAND ( 1972), STUBBE (1972), and several
other investigators have shown that large departures from
barometric law for the distribution of atmospheric species
above 100 km are possible, and that atomic oxygen may not
be in diffusive equilibrium because of the convergence‘and
divergence of air due to horizontal neutral motioﬁsu The
verticsl velocities, have great conseguences on the vertical
distribution of the'constituents;‘lt is important to note
that on 28th March 1968, verticel velocities were observed,
but, however, only during the later part of the experiment.
The assumption thet is implicit in the derivation of equation
%.28 is that barometric law holds good at all neights and
that all the constituents are in‘diffusive equilibrium. wa
far the effects of these departures would affect the temper-
ature profile is, however, open to question, but this does
seem to be another possibility for, atleast, partially

explaining the anomaly .

3,10.5 Desirability of Further Experiments

From ALADDIN II experiment, REES BT AL. (1973 B)

have reported a variation in the morning and evening values
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vqf denéitylby as much éé a factOr bf tWOA»FrOﬁ this, as well
as from what has beenlstated in the foregéing sections, 1%
_would be clear that the region between 100 to 150 km is

most cbﬂplex, and that more co-ordinated experiments, using

a variety'of techniques and measurements, should be conducted
to resolve the various discrepanoies that exist. Four to five,
rocket experiments, spread over the'night? mnay be nécessary
to obtein a satisfactory indication of the role played by

the various agencies in the 100-150 kn region.



CHAPTER v

WuUTRAL'UPPbR ATWQ%PHERIC WINDS-AND'MID—LATITUDE

NIGhT TIMD IONODPBERE

PEW probleme in 1onospherlc physics have consietently aroused
as much interest as the behaviour and structure of the T-layer.
Many reviews on this subgect (SHIMAZAKT, 19593 DUNCAN, 1960 3
RISHBETH, 1964, 1967 A, 1968 Bs YONBEZAWA, 19663 FABLEY BT AL.,
19675 GOLDBERG, 1969; EVANS, 19713 etc. Lo mention & few) have
been presented at regular intervals to explain the many

observed phenomenae.

By experimental means, such as bottomside and topeide
sounders, incoherent backecatter radar, etc., @ vast amount of
data7 on a global gcale, on agltitude distribution of electron
density, N(Zét), gt P-region heighte, have been gethered OVET
the years: Flectron and 1on temperatures have also been studied
widely, partioularly after the establishment of the incoheren®
saaﬁter technique (BANKS, 19675 MCCLURE, 1969 WILLMO%E, 19763

BV ANS, 197%) »
4.1. THEORETICAD STUDY OF THE TONOS PHERE

Although the variatlons in electron denelty may be regarded
as reeeonably well-known, phy81cal explanatlone are not possible
without a great deal of information about other gtmospheric
properties7 viz. the density, temperature and.composition of
the neutral atmosphere, the flux of the jonising radiatlon,

the chemical reactions, etcs
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Unlike at 1ower 1evels the distribution of ionisation
w1th iltitude at F- region is affected not only by chemical
mechanisms but also by traHSport processes. For example, the
role of ambipolar diffusion as the ‘cause of formation of Fz—
peak (RATCLIFF, 1956 ), and the electric fields originating at

Llower levels of the atmosphere by dynamo effect (MARTYW, 1947,

195%) which play an important role in the Fz—layer gtructure,

have been recognised for a long time now. The work of KING AND
KOHT, (1965) first drew attention to the importance of winds in
the movements of F2—1ayer’height. The probable importance of
neutral winds in maintaining night-time ionosphere was first

construed as a possibility by HANSON AND PAiiERSOH (1964) .

There have principally been two approaohes by which the

F-region has been investigated theoretically, the synthetic and

the snalytic approaches. In the synthetic approach, idealised

forms of the continuity equation for the electron density are

golved with suitable numerical values of the parameters, and

the results compared with the actual F-region behaviour. This

approach usually does not lead to accurate determination of

the parameters but, neverthdess provides a feel for the effects

that different physical processes could produce'in the ionos-

phere. This has been the method followed by many investigators

(RISHBETH, 1964, 1967 B, 1968 Bj KNG ET AL., 19673 KOHL BT AlL.,

1968; STUBBE, 1968 A, 1970; BAILEY DT AL., 19693 STUBBE AND

CHANDRA, 19703 FATKULIN AND MURADOV, 1971) .
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In the analytlc approaoh the contlnulty eqﬁatlon is
wrltten to 1nolude all the prooesses ‘which are belng considered,
and the experlmental N(Z t) data are inserted. The best fitting
values of the physical parametere are thus derived. This method
has been followed by NISBET AND QUINN (196%), SHIMAZAKT (1966),

CHUNG-MING-HUANG ( 1966), end to some extent by STUBBE (1968 4).

A combination of the analytic and synfhetic approaches
"has been used in the present study. The F-region monthly mean
electron density profiles for each hour of the day, at Puerto
Rico (geographic co-ordinates, 18° N and 67° W geomagnetic
latitude 29° N dip»51°) for “the year 1960, published by CRFPL
(1960, 1961), have been used to derive, by the analytic approach,
parameters affecting the night—time F-region. Using the synthe-
tic approach, the effect of the various parameters on the
electron density distribution at night has also been studied.
The purpose is to understand and estimate the importance of

the different mechanisms which affect the F-region during

night-time hours.

TIn Section 4.2, the basic theory of T-region and the
various processes which affect it are described. Section A%
deals with various propositions putforth to explain the main-
‘tenanoe of night-time F-region. The mathematical formulation
of the present problem is discussed in Section 4.4. The numeri-
cal procedure, that has been employed for solving the various

cquations, is described in Section 4.5. The limitations of the



s 203

'preéent_caiculations are discussed in Section 4.6. Sections
4.7 4 4.9 discuss the results obbained from the observed
electron density profilés over‘Puerto Rico. The results
obtained by studying the nightgtime behaviour of F-region for
equinox conditions by the synthetic approach are presented in

Section 4.10.
4,2 PHYSTCAL THEORY OF THE F-REGION

Most of the theoretical discussions of the P-region
nave been conducted in terms of the continuity equation for
electron density, N(z,t), as a function of altitude z and
time t. If g and 1, denote the rate of production and loss of
electrons per unit volume respectively, and v, 1s the trans-

port velocity, the continuity equation may be written as

)

¥ = -1 - div (Nv)

I
1

O
=

o

The F-region 1s electricaelly neutrals; positive and
negative charge densities are not likely to differ more than
about 1 in 1012 ( JOHNSON AND HULBURT, 1950) 3 also negative
ions are likely to be very small in number; and thus, the
above equation applies equally for electrons and ions. The
individual terms contributing to the continuity equation,

"ére described below.

4.2.1 Production (aq.)

The ionisation in the Fz—layer is produced mainly by

photo-ionisation of atomic oxygen. Solar ultra-violet radiation
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in thev170—911 z'rahge with 304 A and 584 A Helium lines as
the principal radiétidnsg-ls the main lOHlSlnﬁ mcchanlsm in
the P-region during day;tlme, Electrons, with energies less
than 2 kev, have also been thought to be the agents responsible
for iOnisihg the constituents atb F;layer heights to‘some

extent.

The main ionic constituents in the lower F-region are
NO* and OE; they are 0" between 200 and 800 km altitude, and
ub and HY beyond the altitude of about 800 km. The pealk produ-
ction during the day occurs at a height of about 1704180 km,
though the meximum ionisation is found to occur at a height
of about 250 km with electron densities typically of the order
of 106 cm_B° The electron densify decreases by about a factor
of five during night-time, with the height of maximum ioni~-

gation correspondingly raised by about 50 to 100 km over its

day-time value.

4.2.2 ggssbgll

The resulting 0" ions in the F-region are lost by the
formation of molecular ions by ion-atom interchange followed
by digsociative recombination ( BATES, 1955). These processes
lead to o loss of electrons at a rate, 1, approximately given
by 1 = a{N2 in the lower F-region, and 1l = /5N above it, where
.ﬂ)and;gﬁ/are termed the linear loss coefficient and dissoci—
ative recombinétion coefficient respectively. These coefficients

depend on ‘the rates of the reaction. Coefficient /o depends,
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besides, on the number dénsities of atmospherio molecular con-
stituents. The transition of the loss rate from the form A W
to £ N gives rise to the formation of the day-time F-layer

ledge, termed the F1—1ayer.

4.2.3 Transport Term (divimv 3 )

The lower F-region, where production and loss are the
main contributions to the continuity equation, 18 termed the
photo-chemical regime. The region above 200 km, where the
transportation processes become importanf ig known aé the

transport-dominated region.

The transport-velocities are obtained from the equations
of motion for the electrons and ions, which depend on various
forces acting on them, one of which is the interaction with

neutral air.

4.2.4 P-region Perameters and Their Relationships

et e 4

Tn addition to the above, many of the F-region processes
depend on the temperatures of electron, ion - and neutral compo;
nents, each of which is agein subject to a heat balance or
thermal continuity equation. Simple relations, relating to
the szpeak, based on earlier theoretical investigations
(RISHBATH, 1966) are summarised velow (RISHBETH AND GARRIOT,

1969) ¢




' Day equilibrium conditions:

Height of peak electron densitnybuﬁ%”“Dm/Hg
-n_ at which height-
' Maximum electron density- Ner’qm/ﬂSm

Night decay coefficient- ﬂ3 ~ (5

In the above,

"D = ambipolar diffusion coefficient

and Hi = the ion scale height.

The subscript m denotes the parémeters at the peak of joni-
sation and hm and Nm denote the height of the peak and the

- corresponding maximum value of electron density respectively.

If a verticsl drift v is imposed on the plasma, the

height of the peak is shifted by an amount
v H?
i

D
m

,_(j_\}'lm o~

@

Below and above the~F2—peak the electron density appro-
ximately assumes the alphawohapmanAdistribution
) _ ) _
/ z - h z - b \

1.
exp ¥ K1 - L exp —e—m— o
s R

N(Z)::Nm

Wwell above the F2—peak the plasma assumes a diffusive equili-
brium distribution given by:

N(Z) - W exp (.- Ei.:“_k.,llg ;
T m T /
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where = - i = 2kT /m 185 's'the plasma scale height, assumed

to be 1ndependent of altitude

k = Boltzmann constant

g = acceleration due to gravity

Tp = (Te+Ti)/2, is the plasma teumperature
7, = electron temperature

Ti = ion temperature

mn; = ion mass

4.3 THE NIQHT~TI&E IONOSPHERE

The behaviour of the nlght—time F-region 1is mainly a
prohlem of the maintenance of the night- time F-layer in the
absence of production by solar ultra-violet radiation. The
maintenance of the mid—latitude night-time ionosphere has been
the subject of active debate in the past decade (HANSON AND
PATTERSOH, 19645 YONEZAWR, 19653 GEISTER AND BOWHILL, 1965
STUBBE, 1968 A). In mid-latitudes, during equinox and winter
months, only for a few hours after sunset does the decay of
the F2—19yer regemble that of the idealised night-time s ta-—
tionary.layern.Afterwards, the electron densities are found
either to decay very slowly, or maintain a constant level
until sunrise with minor fluctuationé, or even,on Some nights,
reverse before sunrise. The total electron content appears
to be-have similarly (EVANS AND TAYLOR, 19613 TITHERIDGE,
1968). This suggeststhat some processes act to maintain a

-5

thage level! ionisation of about 105 cm .
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Thls.behav1our can be explalned thher in terms of a
chunge in the effective recomblnatlon coefflclent for the layer
or in terms of a night—time source of ions, or both. A brief
resume, of the various processes under the above two mechanisms,
ié giVen'bélow.

4.%.1 Change in the Recomblnatlon,Coefflclent

Such o change can arise from an actual change in the
chemical composition of the atmospherée oOr by a vertical transla-
tion of the F-layer into a region of lower atmospheric density.
Composition changes of the type postulated as the cause for
~region seasoﬁal anomaly (RISHBETH AND'SELTY 19613 STROBEL
AND MCELROY, 19703 RUSTER AND KING, 1973), can be ruled out
because they neoéssitate changes in the atomic fo molecular
number density ratio at the base ofbthe thermosphere. Time
constants preclude such diurnsl changes, though they may allow
such geasonal changes. The loss rote can also reduce because
of temperature decrease during night, but to explain the malin-
tensnce of ionisation, from the available data on temperature
dependence of loss rates, a temperature decrease from day-to-

- night by a factor of two to three will be required which 1€
scarcely likely.

MAYR AWD VOLLAND((1972), while discussing the problem
of diurnal phase anomaly, have pointed out thét the diurnal
wind circulation might distribute the atomic oxXygen concentrea-

tion such that the diurnal variations in the O/N and O/O2
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ratios get damped by about 20%. This, according to them, could
oontribﬁte'to,thé maintenance. :

The Wechanism, of véitical translation of F-layer into
‘regions Qf lower atmospheric dénsity, could, however, produce
larse changes in the sotusl loss rate. HANSON AND PATTERSON
(1964) first advocated that'equatofWard Winds could produce

vertical translation efficiently.

After KING AND KOHL ( 1965) first drew attention to the
important fact that large atmospheric winds exist at F-region
. heights and that large verticel drifts of ionisation could be
caused by them at these heights in mid-latitudes, much work has
gone in this direction for explaining many of the ionospheric
P-region variatioméo KING ET AL. (1967), KOHL ET AL. (1968,
1969), ECCLES BT AT. (197j) and maﬁy other investigators have
studied the influence of neutral winds at F-region heights in
detai}f A complete bibliography can be found in the review by
RISEBETH (1972 B). These studies have brought out the important
fact that winds are equatorward during the night and,'in mid-
latitudes, can raise the layer by about a scale height. This
height change could redUce,é% by a factor of nezrly five which
would certainly help preserving the night-time ionisation.

The drifts computed from meridional Winds_at these
heights are generally downward by day, changing to upward
around sunset. The time of change is crucial to the above

explanation, since should a downward drift persist after
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sunset, the plasma would be repidly destroyed, and a suBsequent
upward drift would bring no recovery, unlesg a strong nocturnal

source were postulated.

STUBBE (1968 A), without invoking neutral winds, explains
the night-time maintenance by horizontal electric fields of
the order of 5-10 mv. However, the required field, besides being
large, ig in the opposite sense to what it is normally assumed

40 be.

4.3.2 Sources of Tonisation

The wind does not, by itself, preserve the layer, as
is evident from the foregoing discussions. By reducing the
cffective loss rate it cannot halt the decay completely and
hence some source.of ionisation has to be sought. Some possible

sources are discussed below.

a) Tonisation from Conjugate Point

Some of the pre—sunrise phenomena have been attributed
to an influx of photoelectrons along the geomagnetic field-
lines when the conjugate point 1s illuminated by the sun
(EVANS, 1965; CARLSOM, 1966). These photoelectrons could raise
the electron temperature and also the =zirglow intensity (coLz,
1965), but do not possess sufficient energy to préduce required
new ionisation (NAGY AND BANKS, 19703 NAGY ET AL., 1973).

b) Corpuscular Tonisation

During recent years, several investigators have suggested
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energetio_partioles to be a cause of various F-layer phenomena,
particularly those‘associated_with diéfurbances and those at
high latitudes (IVANOV~KHOLODNY, 19653 TORR AND TORR, 1970).
The part played by corpuscular ionisation in the Fz—region
mainténancé is, however,.still on = doubtful premise (KRASSOVSKY
BT AL., 1965). Particles capable of producing ionisation at
these heights would be electrons or protons of energy less than
2 kev. An average columar production rate of o few times 108
ion-electron pairs cm“2 sec“1 throughout the qight would be
required to maintesin the night-time F-layer (RISHBETH9 1068 As
STROBEL AND MCELROY, 1970) which amounts to an energy input

of 10°° erg em ? sec !,

Galculations of ionisetion, caused by electrons of vari-
ous incident energies, have been made by several workers (REES
M,H; 1963, 1968; MAEDA, 1965; OSIPOV AND PIVAVORAVA, 1971 A,B,C),
although for very low energieslthe estimates are only a few.
TORR AND TORR ( 1970), in particular, have examined in detail,
in conjunction with neutral winds, the effect of corpuscﬁlar
radiatibn as the source of night-time F-region for a high-
latitude station°

A serious handicap in such studies is the lack of obser-
Vafional dats concerning electrons in this low energy range.
Most of the available observations are for the auroral leti-
tudes. However, WILLMORE (1964) has estimated, from measure-

ments by Ariel I satellite, that the electron temperature



ﬁ;.dlstrlbutlons durlng the nlght between 400 and 1200 km could
be aocounted for as a result of heqtlng due to electrons with

9 —2 sec—1.

energies of 2-3 kev and in fluxes of ~ 8-9 x 10
S_AV’ENKO BT AL. (1963), and KNUDSEN (1968) have also reported

. measurements of soft partlole fluxes atb F—région heights.

There are still only a few sétellite or rocket measure-
ments to speculate diurnal Variationé of the flux. &n indi-
cation of particle.preoipitation into the atmosphere ig the
detection of 3914 A emission (the first negative band of E; )
in the nightglow. From the study of %914 A and 4278 A airglow
emissions, TORR AND TORR (1970) have estimated the diurnal

variations of electron flux for their calculations.

In the ébsenoe of reasonably known values 6f fluxes and
their variations at mid-latitudes, the effect of cqrpusoular
radiation has not been included in the present calculation.
qhis omission, however, will not be significant for the present
investigation of mid-latitude quiet—time ionosphere, since the
obgeot is only to see, if the. ionosphere would be maintained

with the better known parame ters.

c) E}éﬁ@g Flux_from the Protonosphere

gince the magnetosphere contains a great deal of plasmea,
it can in principle, act as a reservoir from which night-time
P-region can be'maintained. The coupling bhetween the ionosphere
and the protonosphere (which is situated,ébo#e a level of

Vabout 1000 km) is complicated by the domination of the two
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regimes by different ions and by the presénce of the diffusive
parrier (HANSON AND ORTENBURGER, 1961) that hinders free excha-
nge of ionisation between the two regions. This diffusive
barrier éffeotively de-couples the tWo'regions, so that, though
'1arge'diurnal changes are observed in the ionosphere, changes

in the protonosphere are only to the tune of 30%.

As the Fz—layer decays after sunset, the oxygen'ion
concentration at high altitudes is reduced, and the layer of‘
hydrogen ions in the protonosphere, which effectively floats

on the oxygen ions, tends to be lowered into the region where
charge exchange with atomic oxygen takesiplace efficiently.

This process replenishes the oxygen ion supply, and when a
steady ététe is reached, enough hydrogen ions are converted

to oxygen ions which move downward along field lines (diffusion)

or drift downwards due 1O electric fields, to balance the

losses teking place lower below.

Different values of‘the protonospheric flux, rangiﬂg
erom 5 % 107 electrons cm ° sec” | (YONEZAVA, 1965) o 2 to 5 x
10% electrons cm? sec | (HANSON AND PATTERSON, 19645 GEISTER
AND BOWHILL, 1965), have been quoted for the maintenance of a
peak electron density of about 105 electrons cm—B. HANSON AND
PATTERSON (1964) and GEISLER (1967 B) have computed an upper
14imit of about 2 X 107 electrons cm~2 Sec'—1 for the upwar@?
flux of plasma into the protonosphere by day, to which the

downward night-time flux must be comparable. RISHBETH (1963,
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v1968vB) has shown that a flux of 2 x 107 cm"2 sec” ] would

contribute only to the eXtent of maintaining the base level Nm

at 3 x 10" electrons Cm—B, with h  already raised higher by
windsq_This, therefore, does not represent s significant enongh

contribution to the night-time F2—region°

From the above calculations, it can be seen that the
day-time upward flux to the protonosphere is about one order
less than the downward flux necessary to maintain the F-layer.
From these it has frequently been inferred that the pfotonos—,
phere does not functivn as a significant reserveir of ioni- .
sation. The calculations of maximum possible flux, however,
involve several parameters which are not well known, and hence

the above conclusions are subject to revision.

BANKS AND HOLZER (1969) have calculated polar wind fluxes
of 2 to T x 108 protons om.—2 880_1 based on atmospheric models.
PARK (1970), from whistler studies, has observed that under
quiet geomagnetic conditions the observed rate of increase in
day-time magnetospheric content gives an upward flux of about
3 X 10% electrons cm 2 sec” ! across the 1000 km level into +he
protonosphere, and a downward flux.of about 1.5 x 108 electrons
cm 2 Sec_j; at night,an amount sufficient to maintein the
nocturnal ionosphere according fto the previous studies. He has
also proposed (PARK, 1971) a mechanism, by which westward
electric field enhances downward flux from the protonosphere

during substorms, to explain the night_time ionisation chenges

during storm times.
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4.4 MATHEMATICAL PORMULATION OF THE PROBLEM

ATheoretiéal expioration of the upper atmosphere or ionos-
- phere requires simultaneous solving of a number of time—deﬁen—
dent equations, viz., oontinuiﬁy equation and the equations of
motion énd heat conduétion. These equations relate to indivi-
dual neutral and charged particle.species, which are considered

to be influencing the physical behaviour of the region.

In a most comprehensive investigation of steady state
solutions o? coupled differential equations for N, T, Ti and
T, (electron concent:ation, electron, ion and neutral. temper-
atures respectively), HERMAN AND CHAWDRA ( 1969) initiated
rigorous numerical methods for atmospheric studies. Steady
state solutions are reasonable when the time necessery for the
solutions to become independent of the initial profile is
short, as compared to a characteristic time for the change of
typical ionospheric paremeters. This is the case for electron-
and ion-densities and temperatures. It is, however, not so
fér neutral wind velocity and neutral temperature, which have
a lransient time of the order of a few days. Time dependent
sdlutions are, therefore, necessary. STUBBE'S (1970) is the

only exhaustive work in this connection to date.

In the present calculations, time-dependent equations
of motion for neutrals have been solved for day and night, and

time-dependent continuity equation for electron density has
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been'éolved'for‘night;time,’after esfimating the parameters
~influencing the electroﬁ densitj profiles during night-time.
Continuity equation for neutral air.has not been solved and
JACCHIA'S (1971) StatiQ diffusion ﬁodel hags been adoptedvinstead.
The fbilowing processes have been ponsidered to be operative

during night-time at F-region heights in the present study.

1) Losses due to recombinations
ii) Neutral winds
iii) Plasma flux from the protonosphere, divesting
itself into ambipolar diffusiqn and electric

field drifts.

4.4,1 Definitions and Assumptions

2) Coordinate System

L cartesian coordinate system, with the X,y and z aXxes
pointing respectively along south, east and genith, is adopted.
The geogréphic and geomagnetic—axesvare assumed to coincide,
implying that declination is zero. lime and cast-west coordi-

netes arc assumed to be inter ~changeahble, i.¢.

5] 2

b e ~ s e e

ay RJSL siné ot

where().is the angular velocity of the esrth, R the radius

of the carth and & the colatitude of the place.
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D) Horizontal Derivatives
The usual simplifying assumption, that the gifferent
dependent varisbles are functions only of height and time,

has been made, viz.,

"This assumption, however, applies only to individual calcula-
tions relating to a particular location, and does not mean that
fhe variables dQ not change either with latitude or 1bngitude
(and time). Specifically, vertical gradients are considered
more importent than the horizontel ones. This agsumption 1is

not applied to neutral atmospheric pressure’whioh is the dri-
ving force for the neutral winds. The assumption is specifi-

cally made for the divergence term, div (¥v) in the electfon

continuity equation.

Although quite rapid norizontal motions may exist,
they do notlneoeSSarily contribute much to the divergenc@
'tefm, because the horizontal gradients of N and v are usually
muoh smeller than their vertical gradients. Horizontal gradi-
ents generally involve scale distances of hundreds or thousands
of -km, but vertical sceles are ‘only tens of km, though the
norizontal gradients in N during sunrise and sunset times

would be important.




 c) Model Atmosphere

Caiculations ha#e been ?erformed in the height region of
90 to 800 kn. Statié diffusionlmodél of JACCHIA (1971), appro-
priate to the 10.7 cm solar flux, has been uséd to derive
neﬁtral atmospheric temperature, presSure and constituents,
s functions of altitude and time. All known variations of
temperature and density described by JACCHIA have been -

included.

The neutral, electron and ion temperatures, are assumed
to be equal for all times and for all heights. It is assumed
that neutral atmosphere consists of O, 02, N2 and He, and that,
above. 100 km, these are in diffusive equiiibriumu Hydrogen is
. considered only from 500 to 800 km, where it is &also assumgd
to be in diffusive equilibrium.

<1
T

Tonic constituents are assumed to be O+, 1\TOJr and O2 upto
400 km, and above this'altitude o* only is considered as
constituting the ionisation. B ions are usually considered
important only above 800 km during medium end high sunspot
activities and hence they have not been included in the

calculations.

d) Transport Velocities

411 pneutral and ionic constituents are assumed To move

with velocities, u and v respectively.



Equations to be solved

T

4.4.2 Th

The'eluctron cont1nu1ty equqtlon and the equations of

motion for ilons and neutrals are the ones whlch are to be solved.

With the assumptions enunciated in Section 4.4.1, these equa-

tions, with requisite simplifications, are written as follows.

a) Continuity Equation

The continuity equation for the electron density is,

-—:;:_S‘_-E:: q*‘l'—diV (NE)° (4-1)

For solving this equation for night-time, it is assumed thet
there is no production due to any source, i.¢. g = Oo With the
further aSsumption thet only vertical gradients are important

in the divergence term, the continuity equation is written in

the simplified form eas

>N > ' .
-r—z-:%- -1 - -‘“B—E (NVZ) (4=2>

where v, 18 the upward drift velocity of the ioniseation.

b) Equations of Motion for the TIons end Blectronsg

Tt is sssumed that all ions move with the same velocity

v. The ion motion can be written as ( DOUGHERTY,  1961)

\ P, el . 3-\' E
Ml k??(NTi) + mNg + el (E + v x B)

—

- NF (v - u) | (4.3)



where  y'z N X,vy9v ), the ion ve1001ty

u = (uX,uy,uZ), thc neutral ve1001ty

g = geceleration due to gravity

B = -(EX,Ey,EZ), the electric field

B = the megnetic induction

¢ = electron charge

F= Frictional coefficient which depends-on

collision frequencies (STUBBE, 1968 B) .
The frictional coefficient in equation 4.3 for collision

between ions and neutrals is given by

F=2mnm, DI

where M is the ion-neutral reduced mess and yim is +the

collision frequency of the ilons with the neutrals. The fric-

tionel force betwsen the different ionic species is neglected,

as it is smell compared with that between the ions and neutral
particles. It has been shown (DOUGHERTY, 1961), that the

insrtial term in the above equation can be neglected.

Expression 4.3 applies also for electrons. Neglecting
small terms, including clectron mass and inertial terms, its

motion can be written as (DOUGHERTY, 1961)

% Note : Positive meridional component is towards south and
not to the #orth, as in Chapter II. This has been
done to maintain the notation followed by others

workers, and to fa .cilitate comparison and discussion.
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RN T) v eN (B v, xB) =0 (4.4)
where v 1is the electron velocity.

At F-region heights,_é&nﬁui sin I<i<1w(¢€ being the
gyro'ffequency of thé ions). Seﬁting_the inertial term to
gzero 1n equation 4.%, and neglecfing the declination effect
and‘also assuming that electron, ion and neutral temperatures
are equél, the three components of ion motion'qan be analytif

cally obtained from equations 4;3 and 4.4 as

E
Y ' 2 .
Vo e sin T + vp cos I+ u cos™ T + u, sin I cos I (4.5)
By
vy = o cosco I (4.6)
Vo= v o+ ;l cos I+ u,_s8in I cos I + u sin2 I (4.7)
Z D B X - "7
or VZIVD+W
where
s T (1w 1o2r, ME) ()
Vp T o Y T 2z 2kT |,
Ui i
and
E .2 .
W= Tg cos I+ u, sin I cos I+ u, sin” I. (4.9)

Here T is the particle temperature and I is the magnetic

dip angle
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The vertical ion velocity can be written as s M'

v, = Vot Vgt Vy Vg - (4.10) i
. o
i
where  Vy = ambipolar diffusion velocity as defined in |
_ , ' i
equation 4.8 ' h
B | ¥
Vg = ﬁl»cos T, drift due to the electric field T
v = v, sin I cos T, drift dve o the meridional |
neutral motion
Vo = Uy Sin2 1, drift due to thermal motions. This

is comparatively a very small term.

The terms U, and u, are obtained by solving the equation

of motion for the neutral particles.

c¢) Equation of Motion for Weutral Particles |

The cquation of motion for the neutral gas can be written |

s (DOUGHERTY, 1961)

o o o 2
5E?q:—vp+2) (ux A1) +/4¥ 9+Agg—NF(yy)(4ﬂ1)
where g? - npeutral mass density ’
p = neutral air pressure
Jr = coefficient of viscosity.

The expression for the acceleration, used 1in the equation
of motion, 1is important for neutral particles, unlike in the

case of ions, and consists of two parts. It can be written &S
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Ay

d

I
%
e

+ (u.v) E°_l . (4.12)

ct

The first term is the partial time derivative and the second
is'the non-linear term; it is very difficult to include the
second term in the calculations of motion, because, then, the

number of independent variables increases from two to four.

In almost all previous works in this field, the non-
linear term has been assumed to be negligible compared with.
the other terms in the equations of motion, though some tenta-
tive rough estimstes of its magnitude have been made (KOHL AND
KING, 1967; BAILEY BT AL., 1969; STROBEL AND MCELROY, 1970)u ’
CHALLINOR (1969) is the only one who included the non-linear

term in his calculations, but he simplified the equations

otherwise by neglecting viscosity.

KOHL (1971) and RUSTER £:D DUDENEY (1972), particularly
the latter authors, in detailed discussions of the non-lincar
term in thHe equation of motion for the neutrels, have empha-
sised thet this term would be quite important during esrly

morning hours.

In the present calculeations also, the non-lincar term
has not been included. However, some estimates of its magni-
tude have been made and discussed under the head 'Limitations

of the Present Calculations!' in Section 4.6.
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Hydrostatic équilibrium for the neutral atmosphere is
assumed in the vertical.diréctionn E tempbral chénge in temper-
ature would move the whole gas up or down. The resulting verti-

cal velocity can be written as- ( SHIMAZAKT, 1959)

4
1 ar.
u, =T g o dz. 4.13
Z ‘g T2 ot ( )
14
0

The equation 4.11 thus needs to be solved onlyvfor the
x and y coﬁponentso Neglecting the non-linear term, the two

components of motion for the neutral air are thus written as

Zs U‘X /éL 9 qu 1 @ 18] a3 y Y in
Tjt. :-?mné;;g —‘? f§§-+ 2 {lcos@ uy - TR (uX—VX) (4.14)
iy 3 Uy 1 2P Y50
=’-_§f€” = — *§z2 - ? ﬁ - 2.4 ?OS & uX - "’—-“‘I'lm (Uy—Vyv) ( 4.15 )

Here n denotes the number density of neutrel species.

4.4.3% The Data and Calculation of Parameters

Monthly mean values of electron density for each hour
of the day for the months of January, April, July and October
( typically representing the seasons) for Puerto Rico for
the year 1960 are the data that have been uéed for the prescnt
analysis. These data are aveilable in tabular forn at 10 km
interval, from about 100 km during day and 200 km during nighﬁ,
to the level of b the height of maximum electron density.

Above the height hm’ and upto 800 km the electron densities



were calculated by assuming a Chapman distributiOn, with atomic

OXygeEn soale height.

An atmospheric mddel; corresponding to the 10.7 cm solar
flux and appropriate to the ponditions of the above months wes
chesen to plug-in the proper atmospheric paremeters in the

verious equations.

- The other quantities that occur in the equations were

derived as unders-—

a) Pressure Gradients

The pressure gradients, which are the driving forces

for the neutral particles, are given by

7z
1 P .la 2o ¢
? i .LJ'TZ, 5% dz‘ (4.16)
7z
(o]
and
VA
. _5 4 .
1 2p _ 2.16 x 10 g o
? 52 = S T §‘T2 = 4z (4.17)
K A,
(@]

which can be evaluated from the model atmosphere.

b) Viscosity and Collision Frequency

The value used for the coefficient of viscosity is

that given by DALG/RNO fND SMITH (1962), viz.

fr=3.34 x 1O~6 enm em~ ! sec”]
The collision frequency for momentum transfer hes been

discussed by many investigators (BANKS, 19663 STUBBE, 1968 Bj
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FATKULTH AND MURADOV, 19703 HOROWITZ AND BANKS, 1973) . The
following relation has'been uéed in the'pfesent caleulations,
. _40 0.5 -3 . -1
ljin = 8.0 x 10 10 (T/1OOO)-5 cm seC .

c) Rate Constants
The loss bterm (1) occuring in equation 4.1 18 given
by (SHIMAZAKT, 1965 )

by [023 v A E\Té:(

1 = - ¥ (4.18)

[o]+-[1\1] 4N

1 Y .
where 2 s ando| s are the rate coefficients for the following
reactions:

charge exchanges

P,
O+ + O2 ._m1w9 OE + 0
. 5 (4.19)
4+ , 2 ot
0 + N, ——y WO + N
dissocletive recombinations
| A :
OE + e 1> o + O
(4.20)

0( 1

. t
NO+ + e--g~¥ N o+ O

Tn the expression 4.18, [b.] aﬂd.{ﬁ'ii are the number densitice

of molecular OXygen and nitrogen respectively. In general,

above 300 km altltude 1 can be approximated by

\
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The continuity equation 4.1 is written, expending the

divergence term to include all the paremeters, in a form as

follows (STUBBE, 1968 A)

Y

o

N
ot

where

,q=ﬁN—N‘ﬁ25W~um

o
3

.5 [m,] /[0,]

I D
L e
1A
1 + 2
p= -
T+ 1.

4 [w,] /r0,)

tekes into account the

the reletive collision frequencies of N2 and

0 with O'.
2 kT si e L
D, = < = the ambipoler diffusion
My 2in
coefficient
.RO ~ redius of the earth.
The three partiel differential equations, viz., the

electron continuity equation, and the equetions of the x

componént end y component of the neutrel motion, can now be

expressed in the following form:

ON _ 3° 1
i
@ 2

2
?,uxf . :5\
=TT s L2

.’52

-y _‘\
+ f.ELi + f

Y 3 N+ f

4

(4.22)

(4.2%)



'"aU. a u . v
2%

£ : (4.24)
.3& -9 Dz

11 %y T I

where £, (1 =1 to 12) are functions of height, time, model

stmosphere peremeters and initiel velues of W, u, and Uy

4.5.1 The Finite Difference Method

A1l the above three equations are of first order in
time and of second order in altitude. Thus, this is an initial
value problem in timevand g boundary value problem in height.
For the solution of these equations, they are first transformed
into a system of finite difference equations, which are solved
numericaelly. The finite difference grid 1s schemetically

represented in the following diesgram.

Pinite Difference Grid

n - . : ] Upper Boundary
1\ .
{ i . . . v . . ]
a
l |L . . ° . . . —
't ""' . . . . -
i i_' . . . . . . —
—t ‘g_ . . . ° =
u ,2
d_ . L) . . . ° =1
e 2_ . . . . - . 1
1"“ ) . . . . . =
i
0 i. : . : Lower boundary
o 41 2 -=-3 - - - - m

-~

'
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Tn expressing equations of motion for the neutral air,

in finite difference form, the following scheme was employeds

ou _ P(iv iﬂiwj) ;mﬁwgiijl ' V (4°25)
ot At
oun _ EﬂL;ili;jil)“;wy;&}:ldﬁjill‘ » (4.26)
o 2 Az
I o e ge 1) = 2ulinaet) + (3l el) (4.27)
o (.:‘.\.z)z

where u(i,j) denotes u(i.A 3z, b, * j.Ast), b, being the
initial time. Similer expressions have been used for electron

density, but the form

oy Wl 1) - Wi, ) (4.28)

07 AG

was used for the first altitude derivative of M.
Tncorporation of this scheme in equations 4.22 to 4.24

would yield

Ay Uy (i-1, 3+1) + By vy (i,3+1) + Ay Uy (441, 3+ 1) = C; (4.29)

Ay Uy (i-1, 1) + By Uy (1,3+1) + By ug (1f1,3+1) = D; (4.%0)
B, N (i-1, j+1) + By N (i,3+1) + G N (i+1,3+1) = By (4.31
Whefe /f,x
Ay = 7 STN2
¢(oz)
B. = w4 2k 1

oo ¢ (ZLZ)Z
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| u (173) |
o, = E2 0 1 2Ry 0 Ncosd. u (i
i A4 f DX COS_[ Uy (1,3)
, Nll
“oe o 2n (u-v, )
*""“m.n X X
| u (1i,3) N )
Dy = —¥r——m— - 1-=QE -~ 2 cos & u (1,3) —C < GV A
LAt S’ 2y | n y-y
' DAt
By = g
Az
Fl = -~ 1 "'/:?)A't-l- El}_— 2 “-Tjﬂ: (0'5 + p)
3 | 2 | ) 7
+ = AT PAZ L 0.5+ D AT Az - =
T T H? HyT HTTRTE)
At
+ e W
Az
. [ B 3 am
.Gi = B, 1.+ 5, (0.54+p) + TZXLJ
B85y
ALE

R, = -1 (1,§) -~ At. g

A T(i+1, d+1) = T(i-1, j+1)
' 2

A1l the model atmosphere parameters used correspond

to time (j+1).

4.5.2 Boundary Conditions
For boundaries of the height axis, the lower bound was

fixed at 90 km and the upper at 800 km. The boundary conditions



as Statedvin the following sub-sections were imposed for

solVingvthe-equations 4.29 to‘4.51.'

a) Boundary conditions for Neutral Winds

The velocity fields‘uX and uy were arbitrarily set
equal to zero-at the lower boundary, because pressure gradients
_from JACCHIA model are always zero at this height. LINDZEN
(1966 B, 1967 B) has shown that the effeoté of a finite velo-
" city at the lower boundéry are attenuated within about a scale

height.

At the upper boundary, a stress-free boundary condition

for the velocity fields was imposed, viz.

LR

e =30 A8 B3> P

3z ,
The justification fpf this assumpfion stems from the argument
that 232 E/E}ZZ should tend to zero when the coefficient of
viscosity_,/fffL , increases exponentially with increasing altitude.
This amounts to saying that E}g/?ﬁzlz constant for z—» e«. This
constant must also be gzero, because otherwise u itself would
tend to infinity with increasing height(KOHL AND KING, 1967)?
This condition implies an absence of momentum exchange with the
exterior. KOHL (1971), imposing various kinds of upper boundary
conditions, has shown that the derived results, for altitudes
less than z = 500 km, are not very sensitive to these

conditions.
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b) Boundary Conditions_for Electron Density

At the lower boundary, N is constrained by the photo-

chemical equilibrium value, i.e.
S T
N = /3BI
At night,\the following arbitrary condition

¥ (o0, #+1) =u (1, #1%/ N (2, 1)

was employed. Even N(o, j+1) = o would give satisfactory
results. Exponential décay with time of N at the lower boundary

may also be assumed.

At the upper boundary, many workers have employed
different conditions (BAILEY ET AL., 1969; STROBEL AND MCELROY,
1970). In the present calculation, the flux from protonosphere

was equated to sza

¢) Initial Values for Neutral Tinds and Blectron Density

Arbitrary altitude profiles for Uy s uy and T were chosen
for the initial time 0800 hr, and the equations were solved,
choosing production in such a way that for the time around
1900 hr, the solutions were the same as the observed values of
N, and h . It has been observed that i1f calculations are
started from the observed values of N prdfile and the calculated

values of u, and Uy, profiles (vide Section 4.8) for 1900 hr,

stability is not achieved. It 1s necessary that the calculations



are made using anginitial,time

hi@ﬁs bhe&scome étable.by'1900.hrv

suring the day iso -thab the solu~

an&vstddies'of the effest -of

various parame%ers‘arE'madé.xhereafter.

4.5.73 Lmd,lgw&wﬁtzm

The numerical solutions converee as (AT) and (532)2n

Tt was established, after trial calculations,

that the o phimum

gltitude step—width,,ﬁ;z, and time stepfwidth)[)t, should be

5 km and 5 minutes respectivel

are, Thus,

be solved for 144 unknowns at

y. From 90 km to 800 km, there

141 height-steps and consequently 142 equations to

any time, knowing the values of

Uy Uy and ® at the previous time-step at all neights. The

boundary conditions enunciated garlier enables one to 4o away

@with the lower and upper values of Uy uy

g8 shown belows
1) Lower Boundary
u (O,j—\—'\) =

Day-time

Wight-times N (0, 1)

ii) Upper Boundary

v

w (art, 3+1)

¥ (n+1, 3+ 1)

. (0, 1) =

and N at 211l times

o

(0, 1)
Ao, 1)

wf
§(2, j+17“

i

= U (nv j+1)

Plux

=$;TE¥TTEIT)
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Here, zero in the altitude axis denotes the lower boundary
and n, the upper bouﬁdary,
With the imposition of these boundary conditions the

equations reduce to a tri-diagonal form, which, in the matrix

notation for u,, may be represented as

T  ~
B1 A1 0 o) - - - - o 0 0 61
0 13 B3 A3 0 - - - 0 0 0 63
— - . — —_ — 1
o 0 oo - - = 7 L ; C
wo 0 o o - - = = o Al ( Bn+An) C,
P .

gimilar tri-diagonal systems can be formed for uy and Il .

These tri-diagonal systems were solved by the methods

]
described. by Wational Physical Laboratory (1960) and COHTE
(1969) on IBM 360. The time taken for g 36-hr calculation
was around 25 minutes, two-thirds of this time being consumed

for the calculation of model parameters.

The above procedure of solving the equations is

continued in the time axis at steps of AT, and profiles of
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Uy s uy and‘N are thence obtained. The value and height of the

maximum in the N profile Were designated Nm and hm respectively.

As the constants Ai to Gi and Ri involve the variables

u u_ and W, 1t is necessary to evaluate these also for the

x* Ty
time ( j+1). For achieving this, iterations are carried out.

Normally two iterations are adequate.

The procedure for calculating neutral winds with the
observed electron density profiles (vide Section 4.8) is also
the same as described above, except that the continuity equation
for electror’ lensity is not solved in this cése, the observed
values of electron density profiles are used instead. For
calculating only neutral winds, stable solutions are obtained
by proceeding in the time axis for more than 36 hours, yielding

6 to 8 hours of overlap values.

4.5.4 The Stability and Accuracy of the Numerical Method

The following tests were performed to see what effects

they had on the results.

i) The starting hour was varied between 0600 hr
and 1000 hr. The solutions did not vary by more

than 1%.

ii) The step-width, At and Az, were halved. The

departure was only around 3%.
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_iii) The lower boundary values of U s uy and N were
changed by arbitréry-amdunts, i.e. Uys Uy were
made 10 m sec” | and N set to five times its

ordinary value. The ‘departures were less than

1%, above 200 km altitude.

iv) The upper boundary was varied between 700 km
and 900 km, and this produced less than 1%
variation in the result.

V) Iterations for evaluating the constants Ai to
¢; and R; at time ( j+1) was carried out succe-
ssively three times. The result differed from
that obtained from two successive 1terations

by not more than.Z%.

Thus, in all cases the departures were only a
small percentage of the values of Nm and hm and 1in

the values of U, and uy at hm°

4.6 LIMITATIONS OF THE PRESENT CALCULATIONS

The many assumptions that have been enunciated in the
preceeding sections pose some limitations on the results. The

implications of some of them are discussed below:

4.6.1  Model Atmosphere -

The exospherio temperature and density profiles have
been adopted from the JACCHIA (1971) model. Backscatter measure-

. ments show many dissimilarities between the observed profiles
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dﬂd the JACCHIA model - the important among them are the
dlfferencee in the phaee of daily temperature maximum and the
ratios of day-time maximum to night-time mlnlmum temperatures.
A comprehensive dynamical model, of the type suggested by
SWARTZ ET AL. (1972), or the one which includes density from
JACCHIA and temperature from incoherent scatter would be an
idegl choice. Solving neutral eontinuity equation together
with the equations of motion of charged particles and neutrals
and the continuity equation of charged partioles ig the most
appropriate one. From the ealoulations performed with
WALDTEUREL'S (1971) incoherent scatter model for July (vide
Section 4.8),1it is seen that the wind values are nearly twice
as large as that obtained by using the JACCHTA model. Phase
shifts of 2-3 hours of both density and temperature show almost
similar shifts in the phase of wind maxima. Theee will have a

bearing on the derived electron densities.

4.6,2 WNon-linear Term

The non-linear term (u.w ) u has been omitted in the
equations of motion for neutrals. This term can be neglected

(STROBEL AND HMCELROY, 1970),

where <Zh is the horizontal gradient. Taking the chracteristic
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scale of the horizontal wmotions equivalent to earth's radius,

the equivalent of the above expression may be written as

L

Ry

!
AV
Under day-time conditions, when velocities are small due %o
ion-drag, this inequality is very well satisfied. The compa-
rative figures at Fz—peak, based on the present calculations,

for different hours are listed below:

PUERTO RICO, APRIL 1960

A

1 p
Time Q h u Ro Yh p
1200 hr 2.% 20 .0%
2100 hr 4.0 65 .16 g
0600 hr | 3.5 130 .75 |
A

it is, thus, seen that in the morning hours the non-linear
term becomes quite important,'AlSOvat‘lower heights, below
“about 150vkm, this term is important. Future calculations

mus’t inolude this term, atleast in some simplified form, 1

though its inclusion makes the method of calculations rather

difficult.




4.6.3 Electron Density

| The protonbspherio fluies-that have been obtained in
Section 4;7, were calculated from hourly-spaced electron density
profiles? and monthly mean véluesu For day-to-day variability
and better acouraoy,Aindividual day's electron density profiles,

closely spaced in time, should be used.

A.6.4 Temperatures

The neutral, electron and ion temperatures have been
assumed to be equal. This is essentially so under night-time
conditions. If these differ, the diffusion coefficient and
the loss terms will also be modified. But changes in diffusion
coefficient and loss term are more susceptible to changes in
néutral constituents and hence the assumption, that all temper-
atures are equal, 18 Within the 1limits of present uncértainty

in the neutral number densities.

4.6.5 MNagnetic Declination

The effect of magnetic declination has been excluded
in the present calculations. The east-west component of neutral
motion will als9 Contribute.to vertical drifts of ionisation
if this effect is included. The declination of Puerto Rico 18
only 8°, and for looking at gross features, this effect will

not be significant.

4.6.6 Blectric Field

Arbitrary electric field drifts, based on some
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reasonable theoretical estimates have been assumed, in the
absence of other information. This again, has been shown as

not significant enough to produce much discrepancy.

4,6,7 Coefficients

The rate coefficients, collission frequenoies; coeffi-
cient of viscosity, eton"have been assumed, on the basis of
the work of various researchers. The implications of vari-
ations of these quantities have been discussed at appropriate
places. Though thé effect of /ﬁ is not important, the uncer-
tainties in As-. and 2 are significant, The values for these
coefficients arevbased on laboratory measurements and are
beset with some uncertainties. This will have an effect on

the derived results.

4.6.8 HFumerical Method

The finite difference scheme that has been employed

for the present calculations is reasonably satisfactory. But,

some of the boundary conditions that have been employed, are
rather arbitrary. Nevertheless, the solutions and results at

P,-peak have been shown to be not very sensitive to the

2
boundary conditions, except the upper boundary condition for

N, in which the protonospheric flux has been equated to'NvZ.
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4.7 PLASMA FLUX FROU EHE PROTONOSEHERE

When the h011zonta1 gradlents of the electron density
N and the electron velocity v are negligibly small in compari-
son with the correspdnding vertical gradients, the night-time |

electron continuity equation can be written as:

div (W v,) = (-1 - Sy =P (say) (4.32)
Integrating

_ Z
; .

v = Yo Yo 1 P dz | (4.33)

z 7 N N : )

o
A

0]

where N, and v are the electron density and vertical velocity
respectively at the reference height Zy e The value of v, at

aﬁy height may be estimated if +the velocity height distribution
or the velocity at some reference neight is assumed. MITRA ET AL,
(1964 1967) have estimated the velocity, and elso the loss
coefficient, for the pcrlod around mid- nlghu by assuming helght

\profiles of'vZ and 1,

KRISHNA MURTHY AND SEN GUPTA (1972) have shown that 1if
N and ? are. 1inear,'atleast down to a height where N and P
are small — and this is so during night-time conditions when
low lying ionisation is nggligible - the velocity can be

written as

v = , (4.34)
z o i



Trom the night-time profiles, in the lowest height region,
gere N and P afe linéar,'dﬁ/dz,and dP/dz'are evaluated, from
which the velocity vo'oorrésponding to that height (lower
boundary) is determined. Velocities at higher heights are then
estimated using the relation 4.3%. Using this procedure,
KRISHNA MURTHY AND SEN GUPTA (1972) have determined vertical
velocities over Thumba, for some hours during night-time

upto hma

Night-time hourly electron density profiles from 1800 hr
to 0600 hr that were available for Puerto Rico for the months
of January, April, July and October, 1960 were used for calcu-

loting the vertical velocities by the above method.

The term %% was'éstimated for all heights from succe-
ssive hourly values of N. The loss term was calculated by the
procedure describedAin Section 4.4.3. Using the electron
density values at the lowest two heights of observation the
lower boundary velocity v, was celculated from the relatvion
4.34. For calculating the velocities at subscquent higher
heights, P was calculated for each height, and numerical
evaluation was made of'?PdZ from the lower boundary to the
‘height in'questiono Thu§? velocities were determined from

about 200 km (which'is usually the lower boundary during

night-time) to 800 km.

‘It is necessary to mention in this connection that

only hourly electron density profiles were available for the




:7244}2
present éalqulationsdjlt has been assumed that the electron
density variations are linear between any two hourly intervals.
Thus, the velocities derivéd are the average velocities appli-

cable between the hdurly inter#alsa

4,7.1 Vertical Velocities

PIG 4.1 shows the total vertical velocities at hm’ from
2000 hr to 0600 hr, calculated by thevabove'method for night-
time conditions for the months January, April, July and October
typically representing the seasons of the year, 1960. Shown in
this figure are also the ambipolar diffusion velooityva,near
hmn L good correspondence of hm Vafiation with that of vy and
an anti-correspondence with that of v, is discernible from

thege curves.

Prom the results, it is apparent that the velocities
are slways downwsrd. At the upper boundary, i.e. at 8O0 km,
the term Nv, is interpreteq as the flux entering the ilonos-
phere from the protonosphere.

FIC 4.2 shows the fluxes entering the ionosphere at
the 800 km level. FIGs 4.1 and 4.2 also show the night-time
Ivariations of hﬁ and Nﬁ. ' |

Table 4.1 Summarises the fluxes thatlwere derived for
the different hours, pertaining to night-time, for the four
months. The hm and Nm values are also given for comparison.

The calculated large fluxes, particularly during 1800 hr to
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2000 hr, and on some occasions between 0500 hr to 0600 hr, may
be accounted for ss due to the neglect of possible production

'by solar uv radiation‘during those times.

It may be of interest to.mention that the values of
the'flux between 0100 hf to 0%00 hr are very small. It may also
be observed that despite the 1argef differences in the mean
hm between the two equinox months - April and October and
@ large difference in mean Nm by as much as a factor of two,
the meah flux during those two months are nearly the same,
‘being about 3.8 X 108 particles cm 2 sec” . In contfast, the
January-October and April-July pairs, despite having almost

identical h and N_ values, show large variations in the

calculated fluxes between themselves.

4.7.2 Accuracies

KRISH{LA MURTHY AND SEN }UPTA (1972) have discussed the
errors involved in these velocity estimates. They emphasise
on thé linearity assumption of N and P at the lowest® height.
Ls the electron density data was available only at 10 km
neight interval, dN/dz determination ig likely to be in some
error. However, from the present calculations it has emerged
.that the variations of the lower boundary velocity v, by a
factor of two, either way, did not affect the velocity, and
hence the flux, at other neights by more than 5%. Lt the upper

boundary the flux changed by less than 4% for changes of v

by a factor of two.
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About 20% cﬂange in the rate oonstants )1 and h
lreveal changeS of about 25 t0 307 in thc flux vqlues° The vari-
ation in the calculated flux due to inaceuracy in the height

determinations of the N(z,t) profile (with the neights assumed

to be in error by 5 xm) amounts to less Than 5%. The height

error can also be looked upon as an uncertalnty in the value b

of the rate constants.

Lssuming that observed: %% _— o at all hours and at all

heights, The average incoming flux, calculated for maintaining

constant Nm,was sbout 10% more than when Nm variation was taken

into account for the calculation of the fluX. it

Trom the dbove calculations it is seen that in equation l
4.%% the term under the integral, and‘partioularly the term 1, ‘
~is the most dominant in the evaluation of the flux. The calcu-
lations, Thus, mainly depend on the proper cholce of the rate i

constants. . |
AoTeD Discussioﬁ ‘ ;

PARK (1970), as pointed out alfeady, has shown from o
nis whistlexr observations that a flux of about 2 to 4 x 108
electrons om ° sec” ! is observed to e crossing the protonos-
pherewionosphere boundary. The present estimates are in good
agreement with his results. The 1imiting flux calculations
of 1.5 x 10" electrons =2 sec”! by GBISLER (1967 B) have

to be modified in the 1ight of observations by PARK (1970)
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and EVANS ET AL (1970) The latter investigators have inferred

from Thomson scatter observatlons that fluxes through the
-1

exosphere can exceed 108-electrons cm ~2 gec . DESHPANDE (1972),

suggests from 5 different theoretical estimate that a flux of
sbout 3.8 x 108 electrons om 2 sec” | at 500 km altitude is
required for maintaining'Nm of the order of 3.5 x 105 electrons
om . Tn view of the uncertainties in the rate constants, the

agreement between the various estimates can be regarded as

reasonably good.

For an explanation>of the large flux in Januéry, as
compared” to the other_three periods it appears unlikely that
corpuscular radiation, which was neglected in the calculation
of the flux, would have been the pontributing factor. This is
because, the trend of protonosphere flux from January to
Qctbber has not been in a continuously decreasing direction,

the flux in October showing higher values than in July. If the

corpuscular radiation had been the cause ‘af gradually decreasing'

trend, corresponding to the decreasing trend in solar activity

during this period, would have been noticed.

Tt also appears unlikely that variations in the values
of hm and'Nm during the different periods would'have been the
cause for the high value of the flux in January. For a higher
h or for a lower Nm the required flux would be smaller. Higher
values of h have been associated, as would be eipected, with

higher values ofNm and vice versa in all the data treated in




thls Study Nevertheless, the April-dJuly and January—October
pairs reveal dlfferent fluxes, deeplte same values for

hm and Nm

It is necessary, in the estimation of fluxes, to specify
the base values of Nm that the flux would maintain, as well as
the corresponding height. As has been calculated by the author

5 vertical translation of the whole profile by 20 km either up

or down, substantially ( to more than 50%) alters the flux values,

This fact is borne out very clearly from Table 4.1, where mean

n s Nm'and flux values for the four months are shown .

4.8 NEUTRAL WINDS 4D BLECTRIC FIELD DRIFTS

Besides the total vertical velocities and the fluxes,
the other parameters that have been estimated from . the N(z,t)
data, are the neutral winds for day and night and electric

field drifts for the night hours.

In erder to get stable and celf-consistent solutions
of equations 4.14'and 4.15 for neutral winds, the procedure
that is normally adopted 18 that arbitfafy altitude profiles
for uy and:uy are assumed for the starting time - usually .
early merning, around 0800 hr-—and the equations are solved -

for the next 24 hours to obtain solutions for the starting

hour again. This process in time is continued until the results

at any time are within a few percent of those for the saue

hour of ithe previous‘day As the ion drag is the dominant



force durihg day—time lsolutions bécbme'quite stable by about
1400 hr on the first day 1tself 80 that if the equations are
sclved from 0800 hr of one day to 1500 hr of the next day,
stable solutions for full 24 hours are obtained. This kind of
iterative procedure ig not necessary for solving ion-motionS,
for, in their case the inertial forces are negligible. The ion
drag term occuring in equations 4. 14 and 4.15 are obtdlned at
any ‘time using the electron density profile corresponding to

that time.

For caloulating the neutral wind motions,:it-is “.
necessary to know the ion motions as well, Siﬁoe the two are
ooupled.‘Eor calculating the horizontal components of ion
motion, one needs additional information about the ambipolar
diffuéion velocity and the electric field components EX and

Eyo The dlffu51on velocity is easily calculated from the

expression 4. 8 with the given electron dem51ty profile.

Por estimating the electric field contribution, the
following iterative process was employed 1n & chronological

order.

i) It was assumed that E, 0. This would only affect
the y-component (eastward) of ion motion, and
nence the east-west neutral motion,\i.e., uy.
This,uy, however, 18 coupled to ug by the

coriolis term. The geographic latitude of

puerto Rico is 18° ¥, and thus the coriolis
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force term is guite small. Thls essentlally means

that no 1arge ohanges will occur in u, corres-

ponding to changes in uy, and vice versa.

At the start of the iterative process, Ey was
also set to Zero, and equations 4.5 to 4.7,
4.14 and 4.15 were solvéd simultaneously to
derive, by the procedure outlined earlier in

this section, stable altitude profiles of ug

and uy for 24 hours. -

iii) From the total vertical ion velocities that

iv)

were calculated for night-time, from 2000 hr
to 0500 hr, vide Section 4.7, the following
expression was used to calculate the electric
field drifts |

E
_ Ly _ _ _ . . 2
5~ cos I=v, (VD + u, cos I sin I+ u, sin

This expression is only a~rearrangement‘of
equation 4.7. Using this expression for heights
belbw hm’ the drift due to the Ey field was
estimated for the night-time. Further, the
usual'assumption that the eleotric‘field is

constant with heightAwas‘also made.

From the electric field drift due to Ey,

caloulated for dlfferent hours during night-time,

1)
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an average value was estlmated and this was assumed
to be holdlng good from 1800 hr to 0600 hr
reversed eleotrlc fleld from 0600 hr to 1800 hr

was also assumed.

v) Now, using this value of the electric field as
derived for night-time and thence for day-time,

neutral winds were again calculated.

‘The procedure (ii) to (v) was repeated till reasonably
stable solutions were obtained. Only two 1teratlons were |
carried out in the present case and an accuracy of 5% was
easily obtained»particularly during night-hours. More than
two iterations were‘not necessary because during night-time
the ion drag is fairly small and the effect\of ion motion 1is
thus littlé reflected in neutral motion during‘thése times.
The driviﬁg force, viz., pressure gradient, is the dominant

term during these times .

A,8.1 Results of Neutral %ind Velocities

The average electric field drift for the night hours
.calcﬁlatedyas detailed above, ranged from 15-25 m Sec—_1 in the
downward direction for the different monthso‘The above values
resulted: from the first iteration of neutral wind -equations.

For the second iteration of the neutral wind equations, these

- downward drifts were used for night—tlme and sesme values with

reversed sign (i.e. upward drift) were used for day-time.
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FIG 4.3 shows the plots of neutral_wind components U

and u__ at h for the four-monﬁhe for a 24-hour period from

y m’
0600 hr to 0600 hr. The values of u, and u_ for these plots

X Yy
were obtained by solving equations 4.14 and 4.15 using
JACCH1A® (1971) model»atmosphere and the N(z,t) profiles of
Puerto Rico appropriate to these ﬁonthsu The monthly mean
h and Nm variations for these months have also been shown
in the same figure.

The general behaviour of the neutral.winde_deri#ed by
the suthor in this study is similar to that of the winds deri-
ved by earlier investigators (e.g. BAILEY ET AL., 1969). One
fegture of special notice is the smaller velocities in the
winds now derived, even for night-hours. This is explainable

as being due to the larger electron densities and hence greater

ion drag in the present case.

The zonal motion reveals reversals at 0400 hr and 1300 hr
for all the four periods closely corresponding to the times of
temperature minimum and max rimum. Besides, the maximum westward
Wlnde observed during early morning hours are in agreement viith
the dlreot measurements made by vapour release experlmemte (v1de
Chapter IT, Section 2.4). There has often been difficulty in
relating the diurnal east-west motion of winds to the super-—
rotation phenomenon (KING—HELE AWD SCOTT, 1967; KING-HEL-,
1972). The results of BATLEY ET AL. (1969) show almost equal

eaetward@~and westward motions over 24 hours, with the reeult
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that an aVerage.over a:whqle day would be very nearly zZero.
They ha&e,'howeVer; intefpreted'théir results, in terms of an
| average uy,’as '§;ﬁy/§3 ,VWhere the barsndenote the diurnal
average and ¢ the neutral mass density. The afternoon and
evening (1400 hr to 2000 hr) air densities are about 20%
greater than the morning values, %ﬁd_so, when expressed in
terms of air flux, for comparison with the satellite drag
measurements, the mean global zonal wind has a nett eastward
Compdnent; though quite small, according to their estimates,

being dnly about 5 m 880_1.

In the present results, eastward motions for all months
are, in general, seen to be stronger than the westward motions,
except for July, where both are nearly of equal magnitude. The
larger eastward velocities between 1300 to 0400 hr, are because
of the comparatively reduced ion drag during these times. Dast~
ward velooities occur for about 14 hours a day and westward
veldcities for the remaining 10 hours. Thus, this clearly
indicates that there is & nett annual global eastward flow,
sround 300 km altitude, of the order of 30 m sec '. If the
air-flux criterion is adopted this amounts to eastward winds
of 35 to 40 m sec“1 magnitude. Though these eastward wind
velocities are still lower when compared with the super-
rotation value obtained by KING-HELE (1972) from satellite
drag results, the agreement is better when compared with

similar derivations by other workers.
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As for the behaviour of meridional winds, these are
.poleward dﬁring day~-time reversing to equéta%ard during night
hours. As already exphaéised? the change to equatorwérd dire-
Qtion isloruoial for explaining the preservation of night-time
ionisation in terms of neutral winds. In general, the night-
time equatorward flow is much gtronger, except during January

(winter). A discussion as to how these winds would affect the

ionisation, is given in the next section.

The effect of varistion of coefficient of drag and
viscosity are shown in FiG 4.4, E%en doubling the coefficient
of viscosity doeédnot affect the winds at h . Some workers
(CHALLINOR, 1969; ILL BT AL.,1973) have omitted this term in
the equation éf motion. However, BAILEY ET AL. (1969) find
this term to be important at night-times, Eut this is due to
the fact thaﬁ their Nm values are lower than 1 x '105>om—5 at

those times. The ion-drag produces considerable change in

the magnitude of the neutral velocities as is shown in FIG 4.4.

FIG 4.5 shows the cémparative winds derived from the
modél atmospheres of. JACCHIA (1971), based on satellite drag
data, and WALDTEUFEL (1971), based on incoherent scatter |
_ observations, for the period July. The calculated winds are
nearly twice as large for the latter model as compared to

-

the former.
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4.9 EK%MMTENOFO%HWﬂ)h mDN INTHMSOF

' NBUTRAL WINDS AND PROTONOSPHERIC FLUK

The total drift velocity.(vz)7 diffusion velocity (V ), L

protonospheric flui, neutral winds (v, uy) and drifts due 1O
4e1eotrio fields (VE) nave been derived from the N(z,t) profiles |
for night-time hours, as discussed in the earlier sgétions.-It lﬁq
remains to be -seen now the neutral winds and flux (which inclu- - "
des diffusion and electric field drifts) Would‘help to preserve

the iomisation. : ‘ E

The times of reversal of the north-south wind are
different for the four months, as will be seen from FIG 4.6,
whére results from 1800 hr to 0600 hr (night-time conditions)
are shown. The layer preserving capacity of the meridional
Wwind ig prominently shown for July, and to a lesser extent for
April and October. During these periods the tendency for the
equatorward flow, which gmounts o raiéing the layer to higher
heights, 18 seen before 2100 hr. For Januéry, the meridional
flow reverses to equatorward flow only at later times_(aftér

about 0100 hrjg and the winds too are Very weak .

The time éf reversal tb equatorward direction depends
on the atmospheric model chosen, and thefe are, indeed, discre-
pancies between the models derived from sgtellite drag and
models based on incoherent scatter observabtions. AS ‘has been

obtained by previous calculations, the present regults also
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show that shifting the day-time temperature maximum by a few
hours, shifts the phase of meridional winds and the reversal

times by about an equal amount.

Table 4.2 summarises the mean day-time (from 0630 hr to
1730 hr) and mean night-time (2030 hr to 0530 hr) N and b
values, the day-to-night increase in hm’ the day-to-night
ratio of the average Nm and the reversal times of the weridional
component. The maximum value of the southward component of wind
velocity obsérved during the night, and the average flux for

all the four months are also tabulated.

Tn all cases it is observed that the layer had étarted
rising much before the neutral wind had turned equatorward.
Appreciable increase of hmat night from its day-time value 1s
descernible, only: for the months of April, July, and October, -
which is in agreement with the comparatively earlier reversal
times in the direction of u_. However, the behaviour of hmA
during the month of July, out of the above three months, is
worth special notice: whereas the meridional neutral wind had
turned equatorward as earlyas 18%0 hr, theArise of hm was only
28 km, while in April and October, the winds turned equator-
wérd abdut 3 hour later and still hm had risen by as much és
40 km. It is worth noting, all the same that the day-to-night
N, ratio is lowest for July, despite the lowest flux obteined,
fvom which it would appear that the ionisation had duly been

maintained by neutral winds.
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Again, in April,-and'Qctober, fhe reversal.times are
almost the séme,-with.ﬁot'much of a“différénce in the wind
'magnitudeu The total rise of the 1ayervis almost equal, beingv
about 40 km. The cslculated flux values are also similar. But
the night-time layer in October is as.much as 32 km lewer than
the Lpril value. Consequently the day-to-night Nm ratio in
October is also as high as about 3.5, as compared to 1.8 in
April.

Also, during January, the.rise of hm has been the 1qwest,
being only 13 km, the oorrespbnding night-time N has also been
iowen as much as 3.2 times its day-time value. Naturally, the

calculated fluxes have been the largest for this month.

It will, thus, be seen that for a properiunderstanding
of the mairtenance of F-region night-time ionisation, it is

important to consider all the four parameters as given below:

i) the maximum'eleofron density, N
ii) the peak of ionisation, h
iii) the day-to-night increase in b,

and  iv) the ratio of day-to-night N_.

4.10 EFFECTS OF DIFFERENT PARAMETERS IN NIGHT TIME F-REGION

The results, obtained by solving the continuity equation
aﬁdbéquations of motion, pertaining to night-time equinox
conditions, are presented in FIGs 4,7 and 4.8. The effect of
neutral winds, electric fields and fluxes can be seen from - -

\
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thése figures, where night-time variation of b and N, are
plotted. _The observéd_hm and N behaviours are also shown

for comparison.

It can be seen from FIG 4.7 that in the absence of \winds
.and electric field, the hm slowly descends, with the result that
the Nm decreases continuously throughout the night. The effect
of néutral wind, as can be seen, is to increase the layer
neight. But, as the meridional wind turns equatorward only
around 2200 hr, sufficient deoay has already occurred. Only
after this time does the fast decay get halted. The layer
continues to rise after this time. The effect of introduction
of vertical electric field drift(assumed to be sinusoidally |
varying’with an amplitude of 20 m sec“1, with maximum positive
and negative vaiues at 1200 hr and 2400 hr respectively, . and
zero drifts at 0600 hr and 1800'm§}mmBVer, makes little
difference in the behaviour of hm or Né, except for the fact
that hy is reduced by a few km with a consequent small redu-
ction in N . The observed behaviour of ho is, however, not in
consonance with that calculated. The observed behaviour 1is
such that the layer rises immediately after 1830 hr, and falls
gradually after about 2230 hr. It further rises after 0200 hr.
‘These features are not feflected by including any parameter!

©in the calculations.

The effect of variation of flux is presented in I'IG 4.8.

The larger flux keeps the layer height lower than that for
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smaller flux and after about 2200 hr, When the layer starts
vrlslng, due to equatorward w1nds the N value also starts
showing a rise. In the absence of winds a flux of the order

9

of 107 electrons cm—.2 sec_1 is needed to maintain Nm of about

5 x10° cm > at a height of 350 km.

Variation of loss coefficients by 20% demands a change
in flux of around 30% to obtain almost the same results. The
cffect of variation of ion-drag is, to vary the magnitude of
neutrsl wind velocities (as shown in Section 409) with a
consequent change in the layer height andi*W_. Doubling the
drag, reduces N Dby about 0% after about 0200 hr, when almost

a steady value of N is reached.

It is, thus, seen that although the neutral wind may
be able to explein some of the .gross féatures,}it has not been
‘possible for any of the three mechanisms presented here (viz.
neutral wind, electric field and protonospheric flux) to
explain the observed behaviour of hm’ which shows two humps
during the night. The declingtion being only 8° for Puerto
Ricg, the effect of east-west winds is also not likely to be
"significant for producing these features. The observed hm
behav:our suggests that the phase of reversal of meridional
w1nd equatorward occurs about 3 to 4 hours , earlier than the
CaLculated time. This would be a violation of both Jacchia
and incoherent scatter modelo° However, even this will not

be sble to explmin the observed dip in h_ arovnd 0130 hr.



s 270 3

These aspects, therefore, need further investigations.
'S0 is the case in regard to the seasonal variations in the
behaviour of.hm and Nm, as pointed out in Section 4.9. These

investigations are now being taken up.



CHAPTER V

SUMMARY AND CONCIUSIONS

_THE th651s descrlbes the experlmental andvtheoretiéal investi-
gations, arrled out by the guthor at the Physical Research
Laborabory, Ahmedabad, for understandlng the structure and the
dyncnlcs of the Upper Atmosphere. The experimehtal‘observations
were made by releasing chemical vapours with the help of rockets
from the Thumba Bquatorial Rocket Taunchings ‘Station (TERLS),
near the ﬁagnetic equator. This launching station is only 8° |
‘

north of the geographic equator.

By releasing the chemical'vapours,vneutrai upper atmos-—
pheric winds WQré measured ian the alfitude region of 90 to 125 ﬁ
km &t night-time, and upto sbout 200 km altitude at twilight ‘
hours. The night-time wind results from Thumba are presented
for the first time. Atmospheric temperxstures were also deter-
mined from the diffusion measurements of the vapour clouds in
the helght region of 130 to 200 km. These temperature results
are also the first results of equatorial upper stmospheric

temperatures above 100 km in the Indian Zone .

A systematic sfudy of the neutral u@per atmospheric
wind measﬁrements, carried éut over the past $everal years, at
different locations OvVer the globe, has been conducted. An
average general atmospheric circulation pattern for the prevai-
ling winds, emerging out of this study, in the height region of

100 to 200 km, is presented. Seasonal and diurnal effects are

algo derived.
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There are no proven experlmental teohnlquus for the
dlrect meaSurement of atmospherlo winds: above about 250 km
durlng twilight and above about 150 km at nlght -time. Vapour
clouds diffuse away very rapi@ly at these great helghts. The
sateilite.drag measuremehts give only average zonal winds oOver
a long period and the incoherent scétter measurements are use-
ful only for the study of meridional motions. The author has,
therefore, conducted a theoretical study and derived neutral
winds at F-region heighfs from the known electron density
profiles and model étmospheric parameters. Electron density
profiles from the mid-latitude station Puerto Rico, for the
year 1960, have been used for'this study. The theoretical
study has also revealed the effects of individual parameters,
such as the neutral winds, electric fields and protonospheric
influx of ionisation, on the F—région of the ionosphere; and
nas contributed to a furtherance of the present day knowledge

about the maintenance of the night-time F-region ionisation.

The limitations of the experimental and theoretical
me thods employed, the errors involved in the mecasurements and
the calculations, and the limitations imposed by the assump-

tions made, are also critically examined and discussed.
5.1 TMPORTANT CONCLUSIONS

The following are the important findings and conlugsions

drawn from the above nentioned studies :-—



5.1.1 Results of Night Time Win
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a M;e"fa_“ﬁgreme“nts over Thumba

e

i) The wind profiles over Thumba, observed during

night-time in the 100-110 km region,do not show

large wind shears, unlike in the case of profiles
observed during twilight over Thumba ( BHAVSAR AND
RAMANUJA RAO, 1968) and over other latitudes, in

the same height region.

i1)'The meridional winds, above an altitude of 115 km,

iii

are towards the eguator ( southward) around 2200 hr
local time, but are in the opposite direction

around 0200 hr local time.

) Barlier observations of zonal winds in the

height region of 115 to 140 km had shown winds
during twilight to be regularly'eastward in the
height region of 115 to 140 km. The winds during
night~£ime are now found to be westward around
2200 hr local time ana castward around 0200 hr

local fTime.

iv) The rotation of the wind vector with height,

~.

for night-time winds, does not show any regular )
pattern. This result is in agreement with the
carlier findings for twilight hours over

Thumba ( BHAVSAR AND RAMANUJA RAO, 1968) .
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v) There ié_a good'agreemenf between the results
of average E-region dfifts,'aé neasured by the
spaced receiver technique at Thumba, and the
night-time neutral wotions in this region, in

the east-west direction.

vi) Bvidences of turbulence features, both during
the up- and down-leg releases of vapour clouds,
have been observed.

5.1.2 Results of Twilight Winds Determined from the

Motions of Ba-Sr Neutral Clouds over Thumba

Ba-Sr clouds wsre only point releases at discrete
heights, about 20 to 30 km apart in the vertical direction,
and hence complete vertical wind profiles were not obtained
as in the case of sodium or TMA trails. Accordingly, the
wind shears as well as other verticsl structures in the wind
profiles could not be studied. These expefiments were condu-
cted st the end of March, which is the beginning of the summer
in the Northern hemiSphere,\While all the earlier twilight
wind measurements at Thumba had been made in the winter

months of November - dJanuary.

i) Barlier twilight results of meridional winds
had shown that during the northern hemisphere
winter, the winds over Thumba, in the 150 %o

190 km altitude region, had a northward meri-

dional coitponent, continuously increasing
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with height ( BHAVSAR AND RAMANUJA RAO, 1968).

‘The present'results suggest that the meridional

flow is opposite in direction in summer to what

was observed in winter.

The zonal Winds,observed by tracking‘the neutral
strontium clouds at twiiight,show predominantly
westward winds with a maximum around 150 km

and decreasing upwards thereafter and ultimately
reversing direction to easfward, above 200 km.
The results obtained for the summer monfhs are
in genefal agreement with those that had been
obtained earlier (BHAVSAR AND RAMANUJA RAO,
1968) for the winter months, and therefore
suggest that no seasonal effects prevail in

the zonal component above 150 km in the

" neutral winds.

ii1i)

iv)

The reversals of the zonal winds to the east-
ward direction at heights above 200 km seems
to confirm the super-rotation hypothesis
advanced by KING-HELE on the basis of sate-

1lite drag observations.

During the Ba-Sr releases, the ion clouds were
also tracked for electric field measurements.
The results show that the ion clouds are

affected by ambient neutral gas motions fully
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~ upto about 160 ww altitude and only along the

field lines beyond this height..

'5.1.%3 General Girculation in the Upper Atmosphere

The prevailing flow of neutral air mass in the height
range of 100 to 200 km has been derived from the results of
about 200 vapour release experiments conducted from various
locations over the globe over past several ycars. This general
flow, however, 18 lieble to have a bias towards conditions
prevailing during evening twilight, since out of the ftotal
vapour releases, about 50% pertain to evening twilight, about
%5% to night-time and gnly about 15% to the morning hours. The
diurnel end seasonal changes in the average winds, above 150 km,
héve s1so been studied from the 1imited data available. The

following conclusions have been arrived at

i) For 1atitudesrbelow 30°, in ‘the equatoriai ZONE ,
the wind speed remains almost constant with
gl titude, whereas at higher latitudes, beyond
30°, an increasing wind speed with altitude

is discerned.

ii) The zonal prevailing circulation is easterly
in the 140 to 180 km region for all the lati-
tudes. For low latitudes, winds in the 120 ta

140 km region are westerly.

5ii) The meridional flow shbws strong seasonal

trend above 150 km altitude. There is &



iv)

vi)

vii)

nett flow from the summer to winter hemisphere,

'Wthh is more markedly ev1dent from the evening

tW111ght observatlons° '

The super-rotation ﬁypotheeie,that the atmosphere
above 180 kﬁ has a nett eastward Velocity,.finds
support, particularly from-mid—latitude evening
observations. The absence of such‘a behaviour
for high latitudes corroborates the model calcu-
lations done by ILL ET AL. (1973%). However, the
rather low nett eastward flow, observedyat low
latitudés by vapour releasé methods, does not

support these model calculations.

The morning winds above 180 km are mostly north-
easterly, and this is in accordance with the

model calculaetions.

Though the mean eastward flow, above 180 km,
is in consonance with the modeis, the zonal
motion in the 140 to 180 km altitude region |
is westward. This calls for & re-thinking on .o
J ' i

interpolation of temperatures in the lower

thermosphere.

The flow from the summer to the winter hemi- ’
sphere also gives credence to the argument that ’

neutral winds are the causative mechanisms for

the observed asymmetry in the eguatorisl anomaly.
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5»1,4-l Atmospherio Struoturo.from the Study of Growth

Rate of Artifioial Vipour Releosss

This study has been presented in Chapter III. A new
prooedurs for correcting for sky bickground in the measurement

of diffu510n ooeffioient of vapour clouds has boen developed

and used. A new method for calculating atmospheric temperatures

from the observed diffusion profile has also been presented in
~the study. This.method of temperature determination, Tthough
indirect, will be of great value, when diffusion profiles are

measured gimul taneously with temperatures at a few altitudes.

The effect of finite exposure and the mass motion of The cloud,

on diffusion measurements has been studied. The results sShow
that this effect is much smaller than whst has been reported
 egrlier. Other salien% festures of this study have been that
the temperature profile dsrived from diffusion profiles below
150 km, shows negative gradients, not oompatible with the
bresent—dqy model atmosphéreo Various possibilities for this
anomalous behaviour have been 1nvestigatcd Wave propagstion
and departures from barometric law of the atmospherio consti-
tuents seenm to be the important causes; besides the possibi-

lity of additional diffusion at lower levels.

5.1.5 Winds at P-region Heights and Interaction of Neutral

and Tonised Atmospheres

Tn Chapter IV, from the observod elbctron density

profiles at Puerto Rico and using model atmosphero parameters
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neutral atmospheric motionsiat F-region heights have been

calculated. The protonospheric flux of plasma has also been

estimated from the observed night-time electron-density

profiles. The following conclusions emerge from these

calculations a-

i)

ii)

iid)

The atmosphere at F—region heights has a nett
castward velocity of about 35-40 m sec” . This
is in better agreement with the values quoted
by KTNG-HELE (1972) from satellite arag analysis

than the results of other workers.

The electron density maximum value (Nm) and
neight of this maximum (hm) can be qualitatively
explained on the basis of the meridional winds |
calculated from the model. Seasonal variations
of the changeover of wind direction from pole-
ward tb equatorward are fairly well related to

the decay and maintenance of ionisation.

Seasonal chenges in the calculated values are
in agreement ﬁith the observeé\average rises
of night-time h over its day-time average
value, and the rétios of the average day-time

Nm to night-time Nm values.

iv) Average protonospheric flux, of the order of

4 to 8 X 108 particles om—z’s.ec"1 throughout
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the night for the different periods,has been

estimated from the observed N(z,t) profiles,
over Puerto Rico. These estimates are in good

agreement with observational results.

5.1.6 Effect of Various Atmospheric Parameters on

Night-time Tonisation

The electron comtinuity equation and equations of

motion for the neutrasl air and ions have all been simultane-

ously solved for equinox night-time conditions and the

following conclusions have been arrived at :

1)

ii)

iii)

The effect of electric field drifts is insig-

nificant on the night-time P-region parameters.

The neutral atmospheric winds at F-region heights
and a flux of the order of 4 x 108 electrons cm—_2
seo” | from above are able to explain broadly the
observed Nm behaviour. The immediate rise of
b after 1900 br, as observed, is not evident

from the celculations.

-

i
In the absence of neutral winds, & flux of about

; -2 -1 . . . :
109 electrons cm sec is required from above
to maintain the observed average Nm during

the night. -

‘The dip in hg observed at mid-night and the differ-

ences. between the calculated and observed .times of hm increases,
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are some otherlaspects which are yet to be investigated
fully. i N '
5.2 ' GENERAL CONCLUSIONS AND AREAS TOR FUTURE WORK

From what has been presented in Chapters II and ITIT,
it will be evident that the 100 to 150 km altitude region of
the atmosphere needs further careful examination and exhaus-
tive StudyOEThe temperature énd other atmospheric parameters,
. as a function of altitude and latitude, as well as the various
components of motion, need a better understanding. Paired
observations, of the evening-morning twilight hours with
some 4 or 5 night—time rocket launohings in between would
throw more light on the above aspects. Vapour oldud experi-
ments above thu 200 km eltitude region are also necessary to
study the super- rotatlon hypothesis more fully’for a proper

theoretical understandingo

The,day—time wind measurement technique should-be
perfected and fully exploited in unravelling the diurnal and
other behaviours of the neutral atmospheric dynemics. The
developmunt of technlques for measuring night- time winds
above 150 km is also essentlal, as the present technique of
MIA chemi-luminescent trail is limited to altitudes below
150 km. Simultaneous neutfal and ion cloud movements have
to be studied in more deteil to understend the interaction

between the two. Turbulence features will'haVe to be studied



in wmore detcll from the.simulﬁaneouS'up— and down-leg of the
game vapour trail for a better understanding of the conditions

which initiate fturbulence.

Wumerical methods nave also to be improved for incor-
porating the non-linear term in the equations of motion for
the neutral specles. Dynamioal model atmospheres have to be

used for studying the motions and interactions.

Tinally, although the F-region behaviour seems fairly
well understood, there are, yet, conflicting oplnlons about
the role of corpuscular rediation. Rocke’t experiments, 2t low
1atitudes for neessuring the low energy electron fluxes, in
conjunction with airglow obsérvations of N; bands, are

necessary for this purpose.
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Wind data, for the analysis of Global Circulation
presented in Chapter IT, have mostly been taken from the
sources referred to in the Thesis; a full 1list of the various
references is given at the end. Some wind data héve been taken

from the following additional souress as well:

1. Space Research Volumes 1 to 12.

2. Bedinger J.F. and Constantinides B. (1968) :
GCA-TR-68-11-N.

3. Bedinger J.F. and Constantinides E. (1969): ,
GCA-TR-69-3%-N.

4, Justus C.G. and Edwards H.D. (1965):
Georgia Tech. Proj. A-434, A-626, A-652, -
£-722, B-204, B-205.

5. wontgomery J.B., Justus C.G. and Edwards H.D. (1968):

AFCRL-68-0503.

6. Smith L.B. (1971): Sardinia iaboratories Report

(Revised) SC-RR-T71, 0008.



APPENDIX - IT

Mean Wlnds Above 150 km and Wlnds at_the ngheat Altltude of

Observatlonﬂ Above 180 km

Season  IMean Wind Wind at the highest

Desig- DLaunch  and above 150 km altitude _
- pation date =~ Time - (Vel/Dir) ATtitude Vel/Dir

a) LOW LATITUDE (<£30°)

1. THUMBA (8° W, 77° F)

a1 21-11-6% W, E 185/350 180 260/345
a2 8- 1- 64 W, E 45/300 190 75/ 40
a%  12-1- 64 Vi, M 35/275
ad 6-11-64 VW, M 45/330
a5  9-11-64 ¥, E 70/%10
a6  10-11-64 W, M %5/340
a7 28~ 3-68 S, B 35/2%5 205 35/ 170
89  3%0- 3-68 S, B 10/200 204 14/140
28 31— 3-68 S, M 25/%00 |
234 %1- 3-68 S, E 95/210

2. HAVAIT (22° N, 16°W)
210 11-10-62 W, E 75/340
811 21-10-62 W, B 35/300
212 29-10-62 W, E 35,/290
813 25- 5-63 8, B 125/190

al4 6- 2-64 VB 40/160 .

215 2%- 1-64 W, B 15/15

216 2- 1-64 W, E 72/310
al7 16— 6-65 S, B 220/245
218 17- 6-65 8, B 70/210
219 17- 6-65 35, B 80/240
220 21- 6-65 8§, B 120/150
221 21- 6-65 8, E 100/150



s A-% e

a22 23%-6-65 s, B 85/190
a23 2%-6-65 s, B 90/160°
a4 B-6-66. 5, B ' 90/280 -
a25 11-6-66 8, B 150/250
226 %1-5-6T7 s, & 110/270
a27 %1-5-67 . 8, b 45/%00
a28  1-6-67 8, B 125/1%0
a29 2-6-67 S, B 50/250
TONOPAHL
330 21-4-66 S, B 150/260
a%1 15-12-66 W, B 85/85
5. SOUELANT (26° N, 67° B)
g32  1-12-64 W, M 30/270 - 205 40/240
4. REGGAN_(27° N, 0°)
a33 21- 5-6% 5, H 90/170
, ‘
JID-LATILUDE (30°-35°)
1. BELIN (30° N, 87° ¥)
pi 17— 5-63 5, B 100/200°
b2 18- 5-63 5, M 40/160
9 - 1-10-63 W, W - 50/225
b3 18-11-65 W, M 40/80
b4 23 6-66 S; M 140/250
b5 16— 1-67 ¥, M 70/300
be 16— 1-67 ¥, E 25/180
v7 12— 4-67 8, B 70/190 |
p8 27— 4-67 9, B 50/1%0 230 55/ 130,
>. HAMMAGUIR (31° N, 3° W)
b10  12--3-59 W, M 65/ 100
13 2- 3-60 VW, E 55/ 170 180 50/ 155
b11 5- 3-60 W, M 150/10 ‘

b14 1%- 6-60 3, B 75/ 180



o)

s A4

b12 16- 6-60 S, B 140/175 -
b15 - 1-12-62 W, M - 90/150
b16  21=5-63 8, &  65/150
WOOMBRA (31° 8, 137° E)

b25 6- 3-61 ¥, E 130,/%00
b17 28-11-61 8, B 100/350
18 5- 3-62 W, & 70/%60
b19 15-10-63 8, B 50/75
b20 16-10-63 &, M 70/270
b21 31— 5-68 W, M 100/170
b22 31— 5-68 W I 75/110
b23 16-10-69 5, M 25/270
b24 17-10-69 8, B 90/50
CHAHICAL (32° §, 66°W)

b26  27-11-62 , B 80/350
27 30-11-62 §, ¥ 85/320

NEW MEXICO (33° I, 107° ¥)
b28 26-11-57 W, M

40/220

HIGH-LATITUDE (> 35°)

. WALLOPS ISTLAND (38° I, 76° F)

ey L T .

cl4 17- 8-59 8, M 170/2%0
cl 20- 4-61 S, E 125/195
cl5 21— 4-61. S, U 60/220
c16 17— 9-61 8, M 100/300
c17 17~ 4-62 §, M 90/270
¢18 30-11-62 W, W 100/160
c2 21— 2-63% VW, E 40/60
c% 2% 5-63 8, I 70/210
c4d 24— 5-6% S, E 100/190
¢19 16— 1-64 W, M 220/230
c5 14— 7-64 8, E 60/150
c20 15— T-64 8, N 130/210
c21  8-10-64 W, M 120/270
c6  10-11-64. ¥, B 60/90

180

1200

185
190
240
240
250
240

200

190

200

190
180
190

185

130/%00
110/350

53/90

73/280
115/170
105/85

20/345
100/50

40/240

110/225

110/270

- 60/260

230/240
80/240
120/230

-70/70



c2

21- 5-63

S,

wr
M

¢ " 11-11-64 W, B
c22 23— 6-65 5, M
c12 17~ 1-66 W, T
c26 18- 1-66 ~ W, M
c13 16- 7-66 S, T
c24 22~ 2-68 W, M
025 22— 2-68 W, M
c8  1%- 2-69 W, @
9 1%- 2-69 W, E
c2% 14-2— 69 W, M
c10 13-12-69 1, B
c11 1%3-12-69 ¥, E
SARDINTA (40° N, 10° B)
c28 19~ 4-61 S, B
c29 20- 4-61 S, N
¢30  7- 9-61 S, B
c31 20~ 5-63 8, &
c32 21- 5-63 S, M
¢33 21— 5-63 S,
ILE DU LEVANT (43° N,

A-5

60/60
80/220
70/60
40/200
150/200
90/120
40/180
100/90
80/90
25/270
60/40
100/90

130/180

- 1%5/220

100/145
80/180
80/210
85/180

OE>

65/210

. FT,CHURCHILL (58° N, 94° W)

c34
c35
c37
c36
c38

Note

21- 5-63

00— 5-63
20— 5-6%

27- 5-63
15— 9-66

i) Direction of wind vector from north through east.

1i) § - Summer, ¥ - Winter

E
dl
B
E

ot

=

210/260
220/230
90/210
60/3730
210/280

195

180

250

200

185

190
200
195

190

70/20

50/270

100/90

90/60

©145/170

135/2%0
100/ 140
80/180

90/180

M - Morning twilight, L - Evening twilight .
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