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- Abstract

Optical remote sensing of airglow emissions using a Fabry Perot Spectrometer
and radio probing of the ionospheré using a ground-based ionosonde are the means
by which investigations of low latitude thermosphere-ionosphere system have been
carried out and reported herein. The thesis focuses on the interaction mechanisms
governing the neutral-plasma medium of the upper atmosphere and the large scale

_ geophysical processes that drive them.

In recent years, there has been significant activity in developing comprehen-
sive global models that can describe the observed features of the upper atmosphere.
However, at low and equatorial latitudes, there has been a grievous lack of data on
the basis of which the models have been developed and against which they are tested
and validated. The models are capable of predicting only the long term climatological
patterns and not the instantaneous ‘weather’ conditions. Coordinated ground-based
~ measurements of thermospheric and ionospheric parameters are given primary im-
portance in the work presented here which have enabled us to understand the basic
interaction mechanisms and identify the role of specific geophysical processes in the
behaviour of the thermosphere-ionosphere system. The measurements themselves are
expected to serve as inputs to the existing numerical models and can be utilized
for the purpose of parameterizing these models in terms of the competing effects of

dominant geophysical processes in order to represent the observed features better.
This thesis comprises of seven chapters.
e Chapter 1 provides a background for the thesis. The basic physical and chemical
processes that are responsible for the closed cycle of interactions are described.

The current understanding on the energetics and dynamics of the upper at-

mosphere is presented. The cfforts made by the various modeling groups are

vii



indicated:

o Chapter 2 describes the experimental methodology, the instrumentation and the
method of data analysis a’dop&zd for line profile measurements of thermospheric

temperatures and line-of-sight winds.

The results are presented in the following four chapters.

‘o Chapter 3 deals with the variabilities of thermospheric temperatures measured

from Mt. Abu, the low latitude observing site, in response to the changing lev-
els of incoming solar flux. The empirical model, MSIS-86, is compared against
the direct measurements. The possibility of processes like equatorial spread
F', equatorial ionization anomaly and midnight temperature maximum con-
tributing to the energy balance of the thermosphere, has been explored and the

importance of each of these processes is discussed.

It is demonstrated in Chapter 4 that one of the powerful means of investigating
the basic coupling processes is the servo model proposed by Rishbeth. The ap-
plicability of this model originally formulated for midlatitudes, to low latitudes
is critically examined through a simulation exercise that sets up a criterion for
the lowest geomagnetlc latitude to which the servo model can be applied and
tested upon. The measurements of thermospheric tempera,tures are employed in
a case study approach to study the behaviour of the F layer height as predicted
by servo model: In the next step, with both temperature arid wind measure-
ments being available, a method is described to estimate the peak height of
the F, layer which is then compared with independent measurements made by
the ground-based ionosonde. The thermosphere and the ionosphere are looked
upon as a system and several examples are presented that ultimately provide

confirmation to the fact that this closed system does behave in accordance with

Vil



principles of servo model even over low latitudes. The electrodynamic properties
of the éyst‘em are touched upon by estimating electric fields from the differences
between the directly measured and the estimated F' layer peak height. The
limitations and assumptions involved while adopting the servo model are also

discussed in detail in this chapter.

By making use of the network of ground-based iondsondes located all over the
glohe, several workers have made use of the servo principles to derive meridional
winds. In Chapter 9, the assumptions involved in these methods are discussed
and the importance of neutral temperatures in the derivation of meridional
‘winds is demonstrated by specific case studies. The variabilities of meridional
winds over the low latitude region around Mt. Abu, are obtained and the

relevance of the several geophysical processes in setting up the wind patterns is

discussed.

Having shown their importance in influencing the low latitude thermospherié
tharacteristics in the previous chapters, the geophysical processes, namely, the
midnight temperature anomaly, and the equatorial ionization anomaly and its
relevance to equatorial spread F, are studied in detail in Chapter 6 with exam-
ples drawn from the present work. The potential of newer techniques availaile

now in mapping these large scale features is demonstrated.

The summary of the results arrived at and suggestions for further work in this

direction are given in Chapter 7.

The present investigation has led to the identification of certain aspects of

the behaviour of the thermosphere-ionosphere system that need to be explored in

detail and whose knowledge is expected to lead o a better and more comprehensive

understanding of the system itself.
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Chapter 1

Introduction

1.1 Structure of the neutral thermosphere and

the ionosphere

The atmosphere is an envelope of gas several hundred kilometres thick surrounding
the earth. In the presence of gravity, it is horizontally stratified into different layers
or regions. Based on the temperature structure, the atmosphere is classified into tro-
posphere (0~15 km), stratosphere (15~50 km), mesosphere (50-90 km), thermosphere
(90-400 km) and the ezosphere higher above (Fig. 1.1a). In the dense lower and
middle atmosphere (upto 90 ki), large scale macroscopic motions and turbuience
lead to mixing of atmospheric gases and the composition remains same at all heights.
Owing to large number of collisions, the time constants associated with the vertical
separation of individual gases are quite large when compared to those of mixing and
this well mixed region is known as the homosphere. The sharp upper boundary of the
homo.spl‘lere is called the turbopause. Above this altitude, vertical mixing is inhib-
i@ed since the temperature rises with height making the atmosphere more stable. On
the other hand, molecular diffusion dominates in this region aided by less number of

collisions and hence each species is distributed on its own according to its molecular
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weight. In the absence of chemistry, the g'stc; exist essentially in diffusive equilibrium.
/Due to its varying composition with height, this region is called the heterosphere.
Changes in the level of turbopause affect the neutral coxngpsitign at higher heightsr
"‘wif‘h a ‘timé Coﬁstc;mt which depends on the local + -ale height and the relevant diffusion
. O;céefﬁcient.

«

The region of our interest lies in the upper atmosphere, i.e., the thermosphere,
\&Ile1‘e the temperature starts rising from the base (90 km) to reach a constant value
above about 350 km. Its upper boundary is rather ill-defined. Within the thermo-
sphere, the various gases are in thermal equilibrium with each other and fluid dxnamic
“principles are valid. Above 500 ki or so, there are very few collisions between gas
particles (mean free paths being as large as atmospheric scale height) to have a mean-

ingful concept of temperature and this altitude region can be thought of as the upper

boundary of the thermosphere.

The thermosphere is a multi-constituent medium made up of molecular nitro-
gen (N;), atomic and molecular oxygen (O, O,) as major gases and little amounts
of argon and helium among other species. Interaction of solar ultraviolet and ex-

treme ultraviolet radiation with the constituents of the thermosphere triggers a host
of chemical reactions, producing electron-ion pairs, and causing dissociation .of the

chemically active molecular oxygen.

Due to the varying chemical composition with altitude, different ionization
layers are produced within the thermosphere and the mesosphere, depending on the
_dominant absorbing species. Thus atomic oxygen, which is more in number than other
gases above 150 km produced as a result of photodissociation of Oy, gets ionized and
forms the F region. The composition below this region is mainly molecular and the
fons such as OF and NO* constitute to form the £ region whose base is at 90 km. The

lonization below the £ region is termed as the D region. At altitudes above 900 km,



'hydrogen‘ Becomes the dominant.ion and this region is called the protonosphere.
The ionosphere is thus a plasma with equal numbers of positive ions and electrons,
sufficient in number to affect the radio wave propagation. At any instant, chemical
loss processes control the ionospheric plasma densities to a large extent. A typical

plasma density profile is as shown in Fig. 1.1b, with the various regions identified.

\

The thermal structure of the neutral upper zitnmsphere 1s determined by the
absorption of solar UV and EUV radiation by the atmospheric constituents result-
ti‘ng in heating and the downward molecular conduction of heat. The dense lower
thermosphere absorbs heat more efficiently giving rise to the sharp gradient in tem-
perature which decreases to zero at the top of the thermosphere, where the thermal
cénductivity is high and isothermal conditions exist. All the heat absorbed at higher
heights are conducted downward and the temperature which has reached an asymp-
totic value at these heights is called the exospheric temperature (Tw). The solar

~heating and its variabilities essentially determine Te which can range from 600 K to

1700 K depending on the solar activity.

The concepts of vertical heat conduction, diffusive equilibrium and turbopause
- changes described above were initially adopted by many workers in deriving empiri-
. \’\Cal density and temperature models. Neutral air density and temperature structures
of the upper atmosphere were inferred from the orbital decay éf artificial satellites
[Jacchia, 1965], which set a background for the present understanding of the more
complicated thermospheric dynamics. The importance of dynamics which modifies
the coinposition and temperature characteristics of the thermosphere is well recog-

nized in literature [Mayr et al., 1978)].



1.2 The energy balvan_c'e of the thermosphere

’The sun provides the energy in the form of UV and EUV radiation, which are re-
sponsible for the large temperatures observed in the thermosphere. Photochemical
processes are the means by which this energy is transferred to the various atmospheric
gases. At high latitudes, Joule dissipation of electric currents driven by electric fields
of magnetospheric origin, and energetic particle precipitation, especially during a ge-
6magnetic storm, also contribute to. the heating of the thermosphere. On a global
basis, heating by various sources is essentially balanced by the downward themml
-conduction and the radiative cooling by species such as nitric oxide, and results in

the observed thermal structure.

The interaction of solar radiation with thermospheric species leads to various
paths by which the energy is channelled into heating. Exhaustive studies have been
" conducted by various workers to identify the processes responsible for the channel-
ing of energy and to determine thé neutral gas heating rate and the efficiencies of
various agencies [Stolarski et al., 1975; Torr et al., 1980 a,b]. The ejected primary
}Shotoelectron after a photoionizétion event carries the excess energy, and undergoes
Coulomb collisions with the ambient electrons and ions, and inelastic collisions with
the neutrals. Most of the photoelectron energy is lost to space by means of airglow
~ emissions that result from excitation of neutrals. The remaining goes to heat the
neutral gas with an efficiency of about 5 %. A chain of exothermic chemical reactions
result in the channeling of the chemical energy stored in ions to the neutrals. The
combined neutral gas heating efficiency for both ion and photoelectron channels is

estimated to be in the 30-40 % range [Stolarski et al., 1975].

Above 300 km, the neutral gas is heated primarily by collisions with the hot

~ electrons and ions. Below this altitude upto ~ 170 km, the thermal energy is provided

(&4



by photoelectrons and exothermic chemical reactions. Photodissociation of Oy by the
Schumann-Runge continuum (1250-1750 A) of solar radiation is the dominant heat
source below 170 km with an efficiency of about 30 %. Fig. 1.2 shows the paths

- ‘along’ which the solar EUV energy gets channelled to ultimately heat the neutral

thermosphere.

The non-uniform absorption of solar energy over different regioﬁs of the atmo-
sphere generates pressure gradients on a global scale that drive neutral air circulation.
The neutral winds are responsible for the redistribution of heat, transferring energy
from the warmer dayside toward the cooler nightside of the thermosphere. Further,
~ inhomogeneities in ionization densities produce drag effects on the neutral air motion

that may lead to localized heating and associated circulation [Dickinson et al., 1971].

During geomagnetic storms, one of the possible direct sources of heating for the
equatorial region is provided by precipitation of energetic neutrals produced through
charge-exchange reactions with the ring current ions [Tinsley, 1981]. However, the
heating of the thermosphere due to this source is yet to be quantified. At times
of enhanced geomagnetic activity, energy is transferred from high latitudes towards

equatorial and low latitude regions by means of dynamic processes [Prélss et al., 1988].

Upward propagation of tides.and gravity waves generated in the lower and
middle atmosphere is also important in the global energy budget since their dissipation
due to molecular viscosity, thermal conduction and frictional interactions with ions
yields significant energy [Hines, 1965; Chapman and Lindzen, 1970; Richmond, 1979;
Qole and Hickey, 1981]. An excellent and more recent review on the global energy
balance of the thermosphere taking into account the various sources and sinks, exists

in the literature [Killeen, 1987].
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1.3 Coupling processes of the thermosphere - iono-
sphere system

The interaction of the thermosphere and the ionosphere within, and these two with
the adjoining regions are many (Fig. 1.3) [Mayr et al., 1978]. There exists a variety
“of physical and chemical processes which couple the neutral and the ionized species,
‘and hence they are treated as constituents of a closely coupled system, namely, the
~ thermosphere-ionosphere system. Worldwide programmes such as Solar Terrestrial
Energy Programme (STEP), World ITonosphere Thermosphere Study (V'WITS) and
Coupling Energetics and Dynamics of Atmospheric Regions (CEDAR) have been ini-
\ "tia,ted to understand the various complex processes, all of which finally end up in
the transfer of energy and momentum to and between the ions and neutrals. Studies
have also been initiated to und»erstand the mechanisms that couple the thermosphere-
—ionosphere sytem to the mesosphere below and to the magnetosphere above. Few
dedicated satellite missions like the Orbiting Geophysical Observatory series, Atmo-
sphere Explorer series and Dynamics Explorer series have also been conducted and
these have considerably increased our understanding of the variety of physical, chem-

ical and dynamical processes pertaining to the upper atmosphere.

The coupling of the thermosphere and the ionosphere is associated with the
chernical, fluid dynamical and electrodynamical properties of the system. The basic

interaction mechanisms are as follows.

(1) Chemiétry : In spite of the peak production of ionization being located below
200 km, the plasma density continues to increase with altitude due to the role of
ion chemistry. The dominant Ot ion is neutraliséd either by means of radiative
recombination with the ambient electrons or by means of charge exchange reactions

with the molecular species which eventually dissociatively recombine with the ambient
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electrons. The former is an extremely s]owlprocess with reaction rate of 1012 ¢m3 s™!
' [Banks and Kockarts, 1973] at least two orders of magnitude slower than the latter
reactions. With increasing altitude, due to the steep decrease in the molecular con-
centration, thé life time of the dominant O% ion continues to increaseA until it is

checked by the plasma diffusion along the geomagnetic field lines. As a consequence,

_ the plasma density in the F' region shows a peak at an altitide much higher than the

altitude of peak production. The dominant loss processes in the F' region are

Ot + 0,5 0f + 0

ot + N, Ly NO+* + N
Of +e-50 + 0

NOt + e 5N + O

v and « are typically of the order of 107° cm? s=1 and 10-7 cm?® s-! [Banks and

Kockarts, 1973). Under equilibrium conditions, the production rate q is given by

1 1 1

¢ an T AN

where § = 4[M], [M] being the molecular concentration, and N the electron density

whlch 1s equal to the sum of all atomic and molecular ions: 3 N, = Nf+ N =N

~ Therefore in the limits, g becomes

q = aN? if B >>aN

q = BN if f << aN

In the £ and lower [ regions, the rate of electron loss is determined by the

, dISSOCIa,tIVe recombination reaction and the formula ¢ = «aN? holds. The linear
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_ felation q _~_~ ﬂN applies to the up}mr F region where the charge excllaxlge reaction
limits the loss rate of electrons. The tfansition region where both the processes are
_ operative, is around 160 to 200 km. When this region happens to coincide with the
| level at which the F' region ion production rate is the greatest (typically around local
- __noon hours), si)litting of the F" region into Fy and F, layers occurs. However, these

- layers merge into a single layer during nighttime.

As mentioned earlier, the loss coefficient f in the F region is a function of the
_concentration of molecules which participate in the ion-atom interchange reaction,
and hence decreases exponentially with altitude. A~! can be considered to be a
 measure of the average lifetime of individual ions. At 100 km, the lifetime of O+ s
_about a few seconds which increases to the order of days in the upper ionosphere.
~ After sunset, in the absence of any further production, the E region where molecular

ions dominate, disappears mainly due to the faster recombination process. However,
_ the ionization in the F region is retained all through the night due to the longlived
atomic ions O*. In this region, transport processes, namely, diffusion and plasma
drifts compete with the loss process to take control of the behaviour of the entire F

~ Iayelf.

A change in the loss coefficient is effected by several ways [Rishbeth, 1986],
chandes in the ratio of molecular to atomic concentration of neutral air being one of
them. Further, the loss coefficient Is a sensitive parameter to neutral temperature
and its changes through the temperature dependence of the reaction rate coeflicients

and the molecular concentration.

(2) Diffusion: The vertical diffusion of plasma through the ambient neutral atmo-
sphere depends on the lon-neutral collision frequency and it is expected to control
the behaviour of the ionospheric layer at very high altitudes. The diffusion is of am-

bipolar type, i.e., the ions and electrons diffuse together, and any separation between

11



them is nullified by the presence of an‘eléctric field which results in movements of
;k:,,'rboth ions and electrons. The diffusion of ions and electrons varies with the dip angle
since their motion is governed by the geomagnetic field and its configuration. In the
F region, they are constrained to move only along the magnetic field lines as their
’ :’kgyr‘ofrequenci&c are much higher than their collision frequencies with neutrals. The
;vertical diffusion coeflicient, in terms of the dip angle J, isAD sin? I. Since the mag-
 netic field lines are horizontal in the north-south direction, over the dip equator, the
‘proc‘e‘ss of vertical diffusion of ions and electrons thus becomes unimportant. The dif-
fusion coefficient D depends on neutral atmospheric densities through its dependenée

~ on ion-neutral collision frequency.

The behaviour of the F' layer is governed by the competing roles played by
 the above two processes, namely, chemistry and transport due to diffusion. The con-
centration of ions and electrons varies as [0]/[M], ([M] being the molecular concen-

_ tration) and does not rise indefinitely with altitude. As the loss coefficient decreases

 with height, above a certain altitude, there is sufficient time for the plasma to get

 redistributed by diffusion, i.e., the characteristic diffusion time becomes shorter than
the plasma lifetime 1/8. The F, peak lies at the transition height below which the
plasma is in chemical equilibrium, and above which diffusion dominates. At the F,

peak itself, the production and loss are approximately equal.

The dynamic F region is thus controlled by the interplay of the chemical and
 plasma diffusion processes. The 3 layer can be moved by external forcings such as
- winds or electric fields to altitudes where the recombination and diffusion coefficients
_are different, and the plasma density distribution would vary accordingly. The F,
~ layer on its downward motion enters regions of enhanced loss and the peak density

N Fy decreases and the reverse is true when the F' region moves u ward. This
p

~ mechanism was proposed initially for midlatitudes where the large dip angle of the

12



. ’magnetic field lines aids diffusion in the vertical direction [Rishbeth, 1967, Rishbeth et

al., 1978], which essentially formed the basis of the ‘servo principle’ of the F' region.

(3) Winds: The diurnal heating and cooling of the thermosphere generate horizontal
. ; gradiexlts in pressure which drive neutral air circulation. The effects of winds on the
. jonosphere are many. A component of neutral wind in the north-south meridian plane

is capable of inducing vertical motions to the F' layer along the magnetic field lines.

. The vertical plasma velocity is given by v, = U sin I cos I. An equatorward wind
will push the plasma upward while a poleward wind can force it downward. The zonal
\ motlon of ions across the magnetic field produced by the zonal component of neutral

wmds leads to the generation of dynamo in the F and F' regions. It is recognized now

that some of the most important parameters of the ionosphere such as plasma drifts,
electric fields, as well as the height distribution of plasma density, are governed to a

_large extent by the magnitude and direction of neutral winds.

(4) Ton-drag: The resistive force on the neutral winds arises through collisions
with the ambient ions which, in the F region, are constrained to move only along
the geomagnetic field lines. Thus the ions act as a brake on the winds and wave
_ propagation. For the thermally driven wind systems, the ion-drag is the major force

_that limits the wind velocity and sets the neutral motion across the isobars. Geisler

\’ [1967] first derived a thermospheric wind system allowing for the decrease of ionization
and hence the ion-drag from day to night. The equatorward motion at night was
found to be stronger than the daytime poleward motion, suggesting the day-to-night
variation of ion-drag. Rishbeth [1979] examined the effects of ion-drag on the neutral

atmosphere and its motion in the equatorial region.

lon-drag is important in providing momentum coupling to large scale oscil-
lations and in exciting thermospheric tides [Forbes, 1982]. One of the phenomena,

namely, the midnight temperature maximum (MTM) observed near the equator, is

13




belie;/ed ﬁo vbe an outcome of interaction between the tidal modes and the ion density
';/ariation [Mayr et (le., 1979]. At F layer heigh.ts, the ion-drag presents an additional
. interactive mvechanism for the coupling of meridional and zonal components of neutral
winds. Meridional winds transport ionization v‘ertically along the magnetic field lines
thus varying the resistance offered by the plasma to zonal flow. As an example, a
poleward wind brings the F' layer down enhancing the ion-drag force and the zonal
 component of the wind gets reduced in magnitude. This mechanism is shown to be
effective during nighttime when the F layer is relatively thin compared to that during

/da,ytime.“ The neutral winds thus become sensitive to the vertical movement of the F'

_ layer [Forbes and Roble, 1990].

(5) Electric fields:

In the presence of an eastward electric field, the plasma in the F region under-

goes an E x B drift. Near the magnetic equator, the presence of strong electric fields
leads to the fountain effect that is responsible for the equatorial ionization anomaly
[Hanson and Moffett, 1966]. Further, the electric field is one of the factors that is
_ important in triggering plasma instabilities in the nighttime equatorial F' region that
/~cu1mma,tes in the generation of a wide spectrum of irregularities referred to as equa-
torlal spread F' (ESF) [Fejer and Kelley, 1980; Hanson et al.,, 1986). Thus it could
be seen that electrodynamic processes have a significant say in lthe processes of the

~ equatorial/low latitude ionosphere.

To summarise, the chemical, fluid dynamical and electrodynamical plopeltlcs

of the thermosphere-ionosphere system are coupled. The height of the F' region affects
the plasma density through chemistry and the electrical conductivity through the ion-
” neutral collision frequency. The conductivity varies with electron density. T'he electric
‘/:/‘ﬁel'd 1s influenced by the conductivity through the Ohm’s law. The neutral winds are

’_ : affected by the ion-density through ion-drag. Both winds and electric fields, however,
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’control the ionospheric layer height, thereby closing the cycle of interactions. On
a global scale, the horizontal gradient in pressure and the electric current density
influence the wind and the electric field respectively thus initiating the complex web

_ of interactions that occur in the upper atmosphere | Walker, 1988].

1.4 Dynamics of the upper atmosphere

The differential heating of the upper atmosphere by solar UV and EUV radiation sets
in a variety of transport processes the complete understanding of which is necessary
for the study of structure, energetics and dynamics of the atmosphere. The name
‘tide’ is given to the variation of a physical observable such as temperature and
winds, in response to the absorption of solar radiation, and can be described in terms
of integral multiples of the forcing parameter. In the upper thermosphere, the tides
_ that are generated in situ, are basically diurnal in nature. The maximum in neutral

temperature occurs at a local time of about 1600 h [Hedin, 1987]. Use of empirical

~ models reveals a flow out from the high pressure bulge near the subsolar point and

_ across the terminator into the low pressure region near the anti-solar point. Resolving
the resultant motion into components in the latitude-longitude plane, at equinoxes,
the motion is westward in the morning and eastward in the evening, and shows

poleward motion during the day and equatorward at night [Dickinson et al., 1975].

Fig. 1.4a illustrates the diurnal tide that occurs in the upper atmosphere.
The result of transport processes is also depicted in the figure. The neutral gas
temperature (T) exhibits a bulge on the sunward side (continuous curves) and a dip
on the night side. Since the effect of the transport process is to redistribute energy by

means of winds, the temperature at the subsolar point is expected to be slightly less

 and the temperature on the nightside is expected to be slightly more when dynamics

1s included. Heavier species show a bulge in their densities and lighter species show a
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Fig. 1.4a,b. Schematic illustration of diurnal (top) and annual (bottom) tides. The
variations in neutral gas temperature Ty, with (—) and without (- - -) dynamics,

and the efffect of transport processes on O and He are depicted. (after Mayr et al.,
1978)
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,, &epleti011 on the dayside while the opposite effect is observed on the nightside. This
mass transport has been discussed by Mayr et al. [1978] in the context of ‘wind-

induced diffusion’.

Apart from the diurnal variations in temperature and density, owing to the
.inclination of the sun, one of the hemispheres of the earth is heated preferentially in
turn leading to the annual tide. Fig. 1.4b illustrates such a situation. A transequa-
torial wind (~ 40 m/s) blows from the summer to the winter hemisphere. Adiabatic

. ""h:aa,t, transfer sets in to reduce the temperature contrast analogous to its role in the

~ diurnal tide. Wind-induced diffusion accounts for depletion of oxygen and helium

in- summer and enhancements in winter. One of the /7 2 region features, namely, the
wmter anomaly (larger ionization density during winter) has been thought of arising

_ due to the increases of O in winter due to interhemispheric transport [King, 1964].

This qualitative picture of diurnal and annual variations of atmospheric pa-

_rameters gets significantly modified during geomagnetic storms, to be discussed in

the next section. Further, near the equator, the atmospheric structure and dynam-
ics are much more complicated. Hedin and Mayr [1973], from the OGO 6 satellite
data, presented latitudinal and lon gitudinal variations of N, density that revealed fea-

~ tures which appeared to be controlled 1| by the configuration of the _geomagnetic ﬁeld

’Flg 1.5 shows one of the examples of what is now called the ‘neutral anomaly’, It

‘can be seen that the late afternoon minima and the morning maxima tend to foHow

the ‘magnetic equator. The geophysical process that is responsible for this observed

’feature 1s the equatorial ionization anomaly (EIA). The latter refers to the anoma-

‘1011'* double- humped structure in the latitudinal distribution of F' region ionization

densities with crests (at £ 16° dip latitud les) on either side of the dip equator and a

trough centered right on the dip equator [Rastogi, 1959]. This anomalous distribution

: in electron density arises due to the upward lifting of ionization during daytime in
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" the'pr’eseﬂce of crossed electric and magnetic fields over the equator and its subsequent

. d]ffusmn along the magnetic field lines. Hedin and Mayr [1973] proposed a mecha-

nism and formulated a model that showed. the interactive nature of the neutral flow

and the ionization anomaly. The winds that advect energy from the dayside toward

~ the nightside get impeded in the presence of enhanced ionization density and become

ineflicient in transporting energy, Hence the temperature and density are expected to

show increases at these locations. At the trough, the winds move past the longltude

 under consideration coasting towards the nightside and redistributing the energy ab-

sorbed on the dayside. The temperature and the density would show a minimum at

‘the trough of the ionization anomaly. Thus the latitudinal distribution of electron

~ density resulting from the EJA affects considerably the density and the temperature

structures of the upper atmosphere, During this process, the EIA is expected to

 modify the neutral wind fields and the energy budget of the thermosphere-ionosphere

- system.

The first direct evidence op the anomaly in neutral temperature and winds due

o EIA was provid

ed by Raghavarao et ql. (1991] who analysed the WATS (Wind And

Tempexatuze Spectlometex) data obtained by the DE 2 satellite, The temperature

and zonal winds revealed features as proposed by Hedin and Mayr [1973].

The possi-
ility of neutral ajr circulation that is forced by

anomalies in Iomza,tlon was explored

; carlier by Dickinson et al [1971]. Using a two- dimensional qteady state model, they
have shown that for a large horizontal scale (anomalies of the order of a few thousand
k’kﬂometres), the momentum coupling due to ion-drag produces significant perturba-
. tions in the horizontal velocity, vertical motion and the temperature field. Recently,
f’,,“k"'the focus has been op the pussibility of a wind system arising out of the temper

Y associated with EIA [Raghavarao et al., 1993]
_ Pressure ridges

ature
 anoma]

- It has been shown that strong

are collocated with the crests of the temperature anomaly when the
_2onal winds floy freely past between them. These pressure ridges near the crests of
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EIA act as sources of vertical winds that transfer heat adiabatically.

An additional source of energy and momentum to the thermosphere lies in
the tidal waves propagating from lower atmosphere. The forcing that gives rise to
'itides is of solar ‘or lunar origin, arising from gravitational attraction or heating. It
has been agreed that the lunar tidal component is only about 20 % of the magnitude
of the solar component [Forbes, 1982]. The solar component is driven by diurnally
k"kf:’»v»arying insolation absorptibn, in particular, by water vapour in the troposphere and
. lbwef stratosphere, by ozone in the mesosphere and by all atmospheric constituents
, kin the thermosphere. The amplitude of the waves that originate in the lower and
middle atmosphere, increases as they propagate vertically upward, due to conser-
_vation of wave energy, gxitil the wave breaks or is dissipated by viscosity, thermal

conduction or ion-drag, in the thermosphere. The upward propagating diurnal waves

are strvon'gly’absorbed near 105-110 km and are not expected to have a say on the
thermospheric dynamics and energetics. The other components of the tides generated
'v'below the thermosphere, especially the semi-diurnal tides, play significant role in cou-
pling various atmospheric regions. Efforts have been made by various workers in order
to understand the processes that couple atmospheric regions and develop numerical
'J"*tidal models [Miyahara, 1978; Forbes, 1982; Vial, 1986; Forbes and Hagan, 1988].
Recently, the three-dimensional thermospheric-ionospheric general circulation model
[Roble et al., 1988] is used to describe the diurnal and semi-diurnal tides by calculating
; 'vfthe global velacity and temperature fields set up in response to various tidal compo-
vk,;kikllents [Fesen et al., 1986; Fesen et al., 1991a,b; Burrage et al., 1991]. These results
:‘\‘Suggest that the upward propagating tides significantly affect upper thermospheric
temperature and dynamics particularly during solar minimum conditions. However,
for a realistic weather prediction of upper atmosphere, the TIGCM results need to
be tested against several available data sets on temperature and winds, as was done

by Burrage et al, [1991] recently.



An example of the presence of semi-diurnal tides in the thermosphere at /

"r’é‘gion heights is the generation of a secondary maximum of exospheric temperature
'néér midnight hours in the equatorial zone [Spencer et al., 1979; Mayr et al., 1979).
’}vz1é" midniéht temperature maximum (MTM) arises mainly due to the momentum
uéhng of the diurnal tide and the diurnally varying ion-drag. The pxopagatmg
t1cies (> 1) provide further momentum coupling that leads to the lability and the
complexity of the MTM [Herrero and Spencer, 1982]. The wind fields get significantly
iilodiﬁed in this process, with abatement of equatorward wind before midnight and

,"1's§ersa1 to poleward after midnight [Herrero et al., 1988].

’ The thermosphere-ionosphere system is also perturbed by acoustic gravity
Waves (AGW) as they propagate through it. At high latitudes, the source of AGW
lies in the auroral processes. Gravity waves originating in the lower atmosphere
and pxopagatmg upwards, do contribute to the dynamics of the upper atmosphere,
céwthey carry both energy and momentum [Liu, 1992] and provide a means of
, Oanard coupling between t'he magnetosphere and the 1onosphere, upward coupling
between the middle atmosphere and the ionosphere and the parallel coupling between
‘,the thermosphere and the ionosphere. Several review altlcles that discuss about the
prkopagatlon characteristics of the acoustic gravity waves are available in the literature
Hmes, 1960; Hooke, 1968; Yeh and Liu, 1974; Francis, 1975; Richmond, 1978; Yeh et
l, 1979; Hunsucker, 1982].

.5 Physical processes assoc1ated with geomag-
~netic storms

s,l,‘addltlon to its response to solar UV and EUV radiation, the upper atmosphere
“etves energy and momentum from the solar wind through the magnetosphere, in the

fo ST . L . .
orm of precipitating particles and electric ficlds. During geomagnetic storms when



|6 solar wind-magnetosphere interaction is enhanced, large scale dynamic processes

’é;driven due to heating at high latitudes. It was Jacchia [1959] who first inferred

\hea,ting from the orbital decay analysis of satellite data. In spite of lot of efforts

that"‘,‘su.l\)séQueutly followed, many effects of the geomagnetic activity are not fully

uﬁderstood [Prélss et al., 1988 and the references therein).

~ The thermospheric and ionospheric storms are consequences of an incréased
‘e\"/'el,of geomagnetic activity. The general features of ionospheric storms, in partic-
ﬁlar, F region storms, have been reviewed by Rishbeth et al. [1987]. It is now well
régbgilized that the ionospheric storm at low and middle latitudes is a manifestation
of!the‘ changes occurring in the composition and dynamics of the thermosphere during
a geomagnetic disturbance.” However, during certain times, the contributions due to
: rotonospheric fluxes and electric fields are also important, for example, during the
n.l‘f;\ial stage of a storm when magnetosphéric electric fields penetrate to middle and

IQ\&‘ ‘Iétitudes .

The overall responsé of the thermosphere to a geomagnetic storm is as fol-
lows. The dissipation of solar wind energy at high latitudes causes a temp’erature
ncrease which in turn leads to an expansion of atmospheric gases. This expansion
f,prOduces vertical winds and these winds transport mass and energy to higher alti-
tudes. A bulge in the density and temperature occurs above the region where the
ﬁérgy was initially deposited, and sets up pressure gradients. Both mass and energy
fy@,transported by advection towards lower latitudes by means of horizontal winds.
eturn flow exists in the lower regions to complete the ciculation [Prélss, 1983].
:';:The upwelling of air tends to decrease the ratio of light gas to heavy gas concen-
ations and the downwelling to increase it. Thus the observed composition changes
@ve been thought of arising due to the large scale circulation [Rishbeth, 1975]. It

,h’_as also been suggested that composition changes at midlatitudes might be caused



. propdgatioxl of waves such as planetary scale waves, long-period gravity waves or

1ve‘ctive travelling disturbances [Rishbeth et al., 1987].

A significant progress in our understanding on the magnetic storm associated
haj»j’g’es in bthe neutral composition has been made due to a number of neutral mass
pectrometers on board satellites like OGO 6, Esro 4, Aeros A and B, AE-C, D and E
1d DE 2. Fig. 1.6 illustrates the basic latitudinal structure of a thermospheric storm
b’te;med by Prdlss [1980]. He has made use of the Esro 4 satellite data on neutral
OH]pOQlLlOD The top panel shows the c19ve101)111911t of the magnetic act1v1ty during
kth’e event and indicates the times at which the measurements were made. The lower
panel depicts the storm associated changes in the exospheric temperature (7s,), in
gol; (Ar), molecular nitrogen (N;), atomic oxygen (0O) and helium (He) densities,

h’e molecular nitrogen to oxygen density ratio ([Ny]/[0,]) and in the total mass
deyhnsity (p). The extension of storm-effects to lower latitudes is clearly seen in this

figure. The transition from intense to moderate activity effect appears to be around

= 350 magnetic latitude.

Most previous studies of geomagnetic activity effects in the neutral thermo-
here have been concentrated on either high latitude or midlatitude regions. The
ocus has been on the understanding of the response of the high latitude thermosphere
0 a sharply time- varying f01cmg Concerted efforts on the response of the equato-
;alb thermosphere to geomagnetic storms have come about only recently [Burnszde
al,, 1991; Burrage et al., 1992; Burns and Killeen, 1992]. Burrage et al. [1992]
ave made use of the AE-E observations that demonstrated the extension of mag-
’tlc storm induced perturbations of [N;] and [O] in the upper thermosphere into
1e €quatorial zone, but their results were mainly restricted to the midnight/early
Ornlng sector. They have pointed out the limitations in both MSIS and TIGCM

Odels 1 reproducing the observed features. Burns and Killeen [1992] making use of
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the,kk]')‘EVZ data on density eﬁld temperature have observed different morphological
" féétures of the changes in thesé }measu'rements in the evening (1800-2000 h LST) and
rly morning (0400-0600 h LST) sectors. Burnside et al. [1991] l;ave demonstrated
""‘hei storm-associated changes in wind fields over Arecibo, Puerto Rico, a low latitude
tation. Their ground-based Fabry Perot measurements show that the normal night-
i ti’n&e eastward flow of the neutral wind had reversed and that the meridional winds
ﬂk;’hg‘id":‘shown very less equatorwaid velocities or at times very less poleward velocities.
I‘hey have compared these observations with TIGCM predictions for Arecibo and
"vd‘ei1i01lst1'atecl that after midnight on a storm day, the agreement has been rather
k:'p'oor. The inferred atomic oxygen- densities from the incoherent scatter radar and
v_Fabrn‘y Perot measurements were about twice as large as on other quiet nights. These
observed features indicate that major storm effects in thermospheric winds and com-
'i')oysition do propagate to low latitudes. Large increases in electron densities observed
fﬁrther show that these disturbances affect considerably the ionospheric structure

over Arecibo.
1.6 Modeling studies

1 Thermosphéric mo deling:

Several models have been developed in recent times to predict both climato-
yloglcal patterns and instantaneous weather conditions of the upper atmosphere. They
_ range from simple empirical specifications of a few selected par ameteIs to highly com-

i plex three-dimensional numerical models.

The empirical models prévide the average behaviour of the atmosphere under
specified conditions. They are based on data sets collected over a long ’period by

~Means of remote and in situtechniques. The data sets are synthesized, binned with



the aid of appropriate inciices and then fitted \’Viﬂl simple analytical expfe_ssions. The
’ era of empirical and semi-empirical models began with the development of the Jac-
;'chia 1965 model, which was based on total densities of the atmosphere as determined
from measurements of air-drag on satellites. This model was subsequently modified
\WBich culminated in Jacchia 1977, by including to some degree, the results of in situ
composﬁtion measurements. The OGO 6 model [Hedin et al., 1974] has been devel-
 oped after the realization that the mass spectronlet_ér measurements of densities of
- ’ikhdividual species were different from those expected from the Jacchia 1965 and 1971
kk models. The OGO 6 model il&s been subsequently modified that had led to the MSIS-
~’ 77 model [Hedin et al., 1977 a,b]. Temperature data from three incoherent scatter
radars have been incorporated in this version. Making use of a wider data base, this
1ﬁodel has been revised twice to represent better the seasonal differences in compo-
sition and temperature and magnetic storm variations [Hedin, 1983, 1987]. MSI5-86
| model has been adopted as the new COSPAR International Reference Atmosphere

(CIRA) empirical model which is now available in computer compatible form.

” An empirical global model on thermospheric winds (HWM-87) is also available
now [Hedin et al., 1988] and is based on the wind data obtained from AE-E and
LDE 2 satellites. The limitations of this model are that it yields neither the altitude

variations nor the solar cycle variations of horizontal winds, due to lack of data
~ coverage. This model has been revised subsequently incorporating ground-based data
’ ’fI‘OIil several incoherent scatter radar and Fabry Perot interferometers extending the

data coverage in both solar activity and altitudes [Hedin et al., 1991].

The global empirical and semi-empirical models 1eplesent the variations of
2 thelmospheuc parameter by an expansion in vector spherical harmonics with each
€xpansion coefficient represented by a Fourier series. The input parameters they need

are the solar decimetric flux index (FF10.7), the geomagnetic activity index (A,), the



time and the geographic coordinates. These models are readily accessible, easy

ge,~éllcl represent well the average geophysical conditions of the thermosphere.
The ,1&f11itatio’ns 6f these models when used for a case study approach are many and

liscussed later in this dissertation.

‘/’I‘;he other currently used thermospheric models include analytical and simple

er‘i“ca‘l‘ models and thermospheric general circulation models. The MVH (Mayr,

Fourier harmonics by applying linear perturbation theory. Advection of both

ss and momentum as well as the several dissi1 ative processes are included in their

ost fundamental properties of thelmospheuc dynamics are of a linear nature.

he thelmospheuc general circulation models (TGCM) of both University Col-
ge London (UCL) and National Centre for Atmospheric Research (NCAR) groups

we been formulated primarily to study the global circulation, temperature and

mposmona] structure of the ther mosphere. They involve numerical solution of the

ntlve equations of energy and momentum with approprlate boundary conditions

uller-l?,owell and Rees, 1980; Dickinson ct al., 1981]. With realistic specifications

nergetic input from the UV and EUV components of sol

du @to.solar wind-magnetospl

ar radiation as well as

1ere interaction and an appropriate global ionospheric

el to compute jon-neutral coupling, these models are capable of generating a dis-

butlon of density,

temperature and wind velocities in the low and middle latitude

hermoﬁl)h(‘le Though the predictive capability of the TGCM’s is becoming more

mOIC Ieahstm these models are much more complex to use, and the phenomenal

1 -ng resources are not readily accessible and available with many users.
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onospheric modeling:

The wide range of ionospheric models include (i) empirical models based on
fve world wide data sets, (ii) simple analytical models for a restricted number of
- spheric parameters, (iii) comprehensive, three-dimensional time-dependent mod-
'(itf:\})’"spherica,l harmonic models and (v) models driven by real-time magnetospheric

'S'[Schunk and Sojka, 1992; Stening, 1992].

The most comprehensive empirical model is the International Reference Iono-

ol | ,i;lvon. Recently,

realizing that the ion-neutral coupling is equally important for a

ped both by UCL and NCAR groups [Fuller-Rowell et al., 1987; Roble et al., 1988].

;1,7 illustrates TIGCM simulations of thermospheric temperatures and winds
Obtained by Rople et al. [1988].




. eSO\ > 2
L1\ N e B0 SST=—84D, ]
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i

‘ig;. 17 :Theoretical simulation of global thermospheric temperatures and winds for
olar minimum March equinox conditions at 1900 UT on a constant pressure surface

,;i,t,h@ mean altitude of 286 km. The subsolar point is at the equator corresponding
t,O’ 105°W longitude (after Roble et al., 1988).
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.~ Toran easy accessibility to common users, a new set of analytical models has
fﬁtly been developed. The Fuylly Analytical Ionospheric Model (FAIM) of Ander-

" et al. [1989] is based on harmonic fits to the output from the Semi-empirical Low

- ‘d‘e Tonospheric Model (SLIM) developed by them earlier [Anderson et al., 1987].
AIM is computationally efficient and provides electron density profiles for var-

patial locations and times.

Aim of the present investigation

1ough both the thermospheric and ionospheric models provide a reasonable be-
hzmour of the respective regions, they do not represent the actual conditions that
iét:;‘in the real neutral-plasma medium. As quoted by Rees in his introduction to
pﬁbhcatlon on CIRA models [1988], we have a non-linear medium that is strongly
rll)re‘d not only by changes in solar input and by a contmumg, fluctuating, transfer
gy and momentum from the magnetosphere, but also by the lower and :niddle
pheric inputs. The effects of the perturbations due to these external sources
ynderstood only in a ‘climatological sense’. Fui'ther, complexities arise due to the
t‘sfyof small scale and rapidly fluctuating magnetospheric inputs and the propagat-
,Ianetary, tidal and gravity waves. The future challenge 1ehes on the contmuous

I mtormg of the various inputs as well as a better par amcteuzatlon of the existing

'-models n terms of these inputs.

| Apart from the disturbances of external origin, many of the features of the
1651)llere-i011051)here system within, are not properly explained. The configura-
the geomagnetic field near the dip equator makes it unique in that some of
I¢ principles that are applicable to midlatitudes may not be valid at all in
on.

The coupling processes of the thermosphere—ionosphére system play a

,t role in the equatorial and low latitude regions that had not been explored



y ‘The effects of electrodynamic processes on the neutral atmosphere and

\ltant interactions in these regions have not been properly understood either.

The limitations in our understanding of the many physical processes of the low
e 'Hérmosphere—ionosphere system have been due to the non-availability of data
1ou’s geophysical and geomagnetlc conditions. Except for a few measurements
'd‘ over the globe, the data base in the near equatorial zone is sparse, present-
culties in determining the variabilities of several geophysical parameters in
se to the various inputs mentioned earlier. These aspects have led to the initi-
fa comprehensive, coordinated thermospheric and ionospheric measurements

results have formed a base for the present thesis.
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Chapter 2

nstrumentation and data analysis

2.1 Basic requirements

e importance of airglow emission spectroscopy in monitoring the upper atmospheric

neters has been well recognized, since the early work of Babcock [1923]. The var-

.ibus‘emission lines and their relative intensitics are well documented in the literature
"‘-bmbberlaz'n, 1961]). The spectroscbpic temperatures determined from line profile
lalyms are being used as measures of the kinetic temperature and its variations and
I’idicators of excitation mechanisms leading { » airglow emissions. A knowledge of
rotatlonal structure of molecules leads to determination of lotatlonal tempera-
s. Several naturally occurring lines such as O, Atmospheric 0-1 band at 8645 A,

Helzberg bands and OH Meinel bands are being routinely studied to obtain To-
tlonal temperatures of the upper atmosphere. At heights where the atomic spec1es
lnates the profile of an emission line is usually governed only by the motions of
e &toms and by the assocmted Doppler effect. This line-broadening serves well to

: deﬁne a Doppler temper ature representing the region of emission. In the presence

QUtral air motions, the whole profile gets shifted in wavelength due to Doppler
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ﬁ‘ecf é,nd the magnitude of this shift yields the value of line-of-sight wind. Mcasure-
1ts of Doppler parameters ha;ve been made on the atomic oxygen green (5577 A)
'd‘féd (6300 A) lines by several workers [Babcock, 1923; Armstrong, 1953; Bens et
965' Biondz’ and Feibelman, 1968; Shepherd, 1969; Hernandez, 1977; Sipler and

Fbllowing Babcock [1923] who demonstrated the use of interferometric tech-
1(111:és to detect the night airglow emissions, several studies have been made to
‘Iu’zfxte",the spectrometers used for such purpose [Chabbal, 1953; Jacquinot, 1954;
nnes, 1956; Meaburn, 1976; Desai, 1984; Hernandez, 1986]. After making a com-
tive study of different instruments, namely, prism, grating and an interferometer
like Fabrx____fgro_t etalon, Jacquinot [1954] concluded that for a given spectral resolu-
h\e,Fa,bry Perot interferometer has the highest luminosity of all these diSpersing
es. The arguments forwarded by him in comparing the Fabry Perot with prism
d gratlng spectrometers are discussed in detail by Hernandez (1986]. It is recog-
d 110w that the high resolution Fabry Perot Spectrometer is an ideal choice for

profile measurements of natural airglow emissions.

In the present study in which neutral temperatures and winds at F region
elgl;ﬁé are desired, a central aperture-scanned high resolution Fabry Perot Sp.ec-
meter is most suited for measurements of O [ 6300 A red line emissions emanating
m 'an altlfude of above about 250 km during nighttime. The Fabry Perot system

,Ed to operate from Mt. Abu (24.6°N, 72.7°E geographic; 20°N dip latitude),

on Iocated under the crest of equatorial jonization anomaly. As catalogued in
001\ on aurora and airglow by Chamberlain [1961], the red line is expected to

P!Onounced post-twilight decrease and on some occasions a pre-dawn rise, the
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ty in the middle of the night averaging around 50 to 100 Rayleighs (1 Rayleigh
08 photons/émz/s). The lov;/ intensities of O I 6300 A red line at a low latitude
on like Mt. Abu, pose stringent requirements on the stability and the flux gath-
b';)wer of the instrument. During solar maximum period, due to the passage of
of equatorial plasma fountain; the red line exhibits significant variations in its

1 y\--\-\célling for careful analysis of line profiles

The bésic design of the Fabry Perot Spec&ometer selected for the présent study
escribed following a brief discussion on the theory pertaining to such devices. The
e of ‘Various instrument parameters is argued upon, in the next section. The
nnum operating conditions for its use are discussed next. A new data analysis
dure to recover Doppler parameters hom the observed fringes is described in
fthe sections to follow. The errors induced upon the retrieved parameters
various reasons are elaborately examined and a criterion is set to select line
files for analysis. Finally, the use of such a Fabry Perot in its applications to upper

"e\;ric studies is critically studied.

Theory of Fabry Perot Spectrometer

mplete mathematical treatment of Fabry Perot interferometers is described by

andez [1986]. In this section, only the important points are highlighted.

A Tabry Perot etalon is made up of a two high quality fused silica plites ar-
dl;yperfectly parallel with a spacing ¢ between them. On incidence at an angle ¢
normal, the light of wavelength A undergoes multiple reflections and the trans-

?md\ reflected rays interfere to form circular fringes. Constructive interference

@fi?‘ ‘fOr the transmitted light beam, when the path difference between rays is
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15675

fjﬁtegral multiple of wavelength satisfying the following relation:
2ut cosd = nA (2.1)

where n is the order and p is the refractive index. The resultant reflected and trans-
mitktédkbeams can be collected by two separate lenses. It is seen that for a fixed
length A, a change in optical spacing ut, forces A to appear at any arbitrary
'gié 9, actually a set of 0’s. This change can be accomplished by either changing
he value of ¢ or . If both px and ¢ are fixed, the necessary change in wavelength to
'kéry’the order by-one unit is called the free spectral range (FSR) and is given by

/\2

A —
2ut

ll

(2.2)

he name, free spectral range, arises due to the fact that the separation between two

ines is free of ambiguity over the wavelength interval defined by one order.

The behaviour of an ideal etalon of reflectivity and absorption coefficients
_elng'R and A respectively, is expressed as follows: |
Y(8) = [1-A0 - R Q=R+ R |1+23 R™ cos(mé) (2.3)

m=1

Hgkmandez, 1986]

hére Y, is the intensity of the transmitted beam and § is the phase. Thus a strictly

monochromatic beam undergoes broadening on passage through a Fabry Perot (FP)

@1011. The spread of the resultant profile defines the instrument function of the FP
alon, The full width at half maximum (FWHM) (6)) of the output profile is related

FSR through the instrument finesse Ng:

A R
o T IR (24)



es that the resolving power of‘ the instrument is proportional to Ng. The finesse
:bt/é'ihterpreted as the effective number of interfering beams which increases rapidly
R With the advent of multi-layer dielectric coatings which eventually replaced
allic ‘co-atixigs, a value of N ‘upto 300 can be achieved. Though such high values
flectivity can be achieved, the finesse, in praétice, is limited by plate defects of
talon. Sinée the Fabry Perot plates are neither flat nor perfectly parallel, small

1a,tlons in both these quantities will broaden the output profile.

The effect of defects may be quantified by attributing a defect finesse to the
ferometer [Atherton et al., 1981]:

Siﬁhe'rical defect: When the plates are spherically bowed with a maximum devia-

dt, from the plane surface, then the associated finesse is given by

18 given by

erall instrument finesse is then writien as

Mtw o N T g T e (25)

Thus as the reflectivity of the coating is increased, the half width of the output

1€ reaches a lower limit determined by the overall defect finesse Np.
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An aperture is used nolmally to collect the flux over a solid angle. Since the
alit’ransmltted by the etalon is integrated over this finite angular spread, further

émng of the Iesultaut profile is effected by this process. The finesse due to the

ture-broadenmg is glven by

AN Ad2] !
= = A\
NAP 6/\Ap ':ng]

d is the diameter of the aperture, and fy, is the focal length of the lens used to

e transmitted beams on to the aperture. For a fixed f1, more and more flux

collected by increasing the aperture size d as the finesse goes down.

Taki'ng all the broadening factors into account, it is seen that the output
of a Fabry Perot Spectrometer is a distortion of the original source profile.
fbadening depends on the reflectivity, the quality and the surface defects of the

plates, the parallelism maintained between them and the aperture used.

3  Selection of instrument parameters

emost requirement of any high resolution optical instrument meant for the
‘tl(“)‘D of faint line emission, is the aperture of the spectral device to be as large as
b‘l(é. For nightglow measurements when detection of low emission rates (< 100 R)
"'Ayey‘fld,the Fabry Perot etalon is required to have an aperture of at least 125 mm
wandez and Mills, 1973] with good stability. Owing to limitations imposed by
d other factors, an etalon of 100 mm usable aperture has been selected for
‘%ent study. The resolution of the instrument is determined by the order of
ence selected, which can be made high by choosing a high value of the etalon
18. "A gap of 1 cm between the etalon plates with reflectivity of 85 %, yields a
in'g’povver of 6 x 10° which is most suited for high resolution measurements. An

etalon with optically contacted plate. has been purchased from IC Opticals,
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UK. The substrates that support the etalon plates are made of Spectrosil B of 30

mlﬁ thickness. The spaccrs use Zerodur as basic material because of its extremely
o’v\)’"thermal coefficient of expansion. The flatness and the parallelism at wavelengths
cloéé to red region of the electromagnetic spectrum, have been specified to be A/100
d)\/QO respectively. To measure a line profile, a change in the refractive index is

fected by changing the pressure of the air between the etalon plates.

Following the description of the spectrometer described by Jacquinot and Du-

(1 [1948] we use an annulus of zero inside diameter, i.e., a circular aperture, follow-

the etalon. This aperture will receive radiation which passes through the etalon

ween angles 0 and 0, i.e., a cone of angle 20 is subtended at the position of the
'eiture. Thus the field of view of the instrument becomes 26. If the size of the

aperture f is expressed in orders, say, then

cos = 1— f/ng (2.6)

Wh‘ére;no is the central order [Hernandez, 1986]. Using the definition of half width

/\'gp) of the profile due to aperture bloadenmg given in the last section, the rclation

tween fand §Aap is

\
SAap
AX

emg a fraction of the free spectral range,

FOI an ideal etalon with high reflectivity, the res

nce,the soli

solvmg power By = ng/f and

d angle ) = 27 f/no becomes Q = 2r/ R, which is the result arrived at
Yy Jacqumot [1954]. Thus the prod

uct of the solid angle of acceptance and resolving
Wer is fixed

and is equal to 2r. The resolving power R of the instrument examining a
in
SOurce of finite width, however, is less than Ho, since the resultant width becomes

‘cr than S [Hmnandw 1986].

In the literature, two methods of selecting the optimum aperture size have

38



o djscussed [Chabbal, 1953; Hernandez, 1979). Chabbal [1953]

made use of the

irement that the prodict of flux received by the optical device and the resolving

i greatest, what-is called later an LRP criterion. This was found to occur

nk the ratio of the FWHM of the aperture f to the FWHM of the etalon-source

wbination is near unity. He plotted the ratio of the ideal etalon width to the

i]tant width and the ratio of the flux transmitted by the aperture to that flux

wsmitted over one free spectral range, as a function of the ratio of aperture width

t”lbon width (f/a). When the product of the former two ratios is plotted against

he1e exists a maximum value of intensity for which 1 f/a is 1.15. In practice,

e exists a range of values of fla (0.9 < fla < 1. 5) when the intensity for a

n rebolutlon 18 constant and maximum (Fig. 2. 1). Thus using the LRP criterion,

ompronnse between instrumental broadening and luminous flux can be made.

Hernandez [1979] has discussed the limitations of this method for the optimum

resolution of the instrument. The LRP criterion is stuctly applicable only

he recorded line is well separated from other wavelengths prominently placed

pectrum. This may not hold when the emission line is contaminated by a con-

pus background and when noise inher ent in the signal reduces the precision with

,h the Doppler parameters are retrieved using this criterion. Hernandez [1979,

]ahas derived the optimum conditions for operating a Fabry Perot Spectrometer

these factors. For minimum unce

lg into ac count, all .1'tainty in the retrieved pa-

t,e"rs he has obtained a set of values for «, f

and dg, the widths corresponding
‘1deal etalon,

the aperture and the Gaussi

an line source. Near the optimum
s of Operation, the effects dye to surf.

ace and curvature defects of the etalon are
lglbIe [Hernandez, 1982a).

Least minimum uncertainty in the Doppler temper-

occurs whep a, f and dg take values of 0.07, 0.13

and 0.22, normalized with
to free Spectral range. Similarly, for the wind determination, he has obtained

256 and 0.28. He hag suggested that when simultaneous wind and
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1. Optimum range of operation of a Fabry Perot Spectrometer. The curves
are (1) the ratio of ideal etalon width to resultant width (convolution of
talon function with the aperture broadening function), a/(a®f), versus ratio
e width to etalon width (f/a) and (2) the ratio of flux transmitted by the
re to that flux transmitted over one free spectral range, Y;/Ya,, versus f/a.
oduct a/(a®f) and Y;/Ya, is shown as the unlabeled curve. The optimum
Operation corresponds to the broad maximum. (after Hernandez, 1986)
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y réture measurements are desired, it is iecessary to use the parameters obtained

minimum uncertainty in temperature. Since the response of a Fabry Perot

"ctr"ometer‘ can be expressed in terms of a Fourier series, the minimum number

ﬁiments necessary to unambiguously describe a measurement becomes equal to

he minimum number of samples to be taken is twice this number,

for these
:,ns Though the LRP criterion does not

demand any preference for the above

' tels only that the ratio of the scanning aperture to the etalon-source width

Ation should be nearly unity. However, the results by Hernandez [1979] show

yler‘e exists a set of parameters for the least uncertainty in temperature and

and for other values, the uncertaintics are more. Thus use of thege different

‘,s”to optimize the instrument, yields different results for the set of parameters

hould be used.

-

In the present study, since a, the normalized I FWHM of the etalon (w1thout

148 already been fixed (=10.0519, for a reflectivity of 0. 85), it is desirable to

timum value for the scanning aperture. The relation between the normalized
dth at half maximum of an emission line of central wavelength A and the Doppler

‘ature (7%,) is given .by

dg = 7.16 x L07TXN(T /M) 2 A )

\

e M is the molecular we1ght of the emitting atom. For 4 temperature of 1000 K

 dg = 0.1797 at A = 6300 A. This widih
900 K to a value of 0.22 for T, = 1500 K. We
abbal [1953]

,h'en the emitting atom is oxygen
ﬁm a value of 0.127 for T\ =

d Pted the LRp criterion of Ch to determine the resolution of the
\llit\,yfor maximum luminosity. It is seen later that

as the selected parameters
( Q;fam from the best set of parameters

arrived at by Hernandes [1979], the

deviation of Doppler parameters for the selected set is

-
I standard small.
he following calculations were

made to arrive at the optimum value of f,
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t;he etalon parameters. We shall consider an emission profile of Gaussian
th a Doppler temperature of 800 K. This yields the source width s = 0.1607

zed wifh respect to free.spectral range).

With the given etalon parameters, the contribution of the etalon to the broad-
z”L”’monocln'omatic line is given by e = 0.1162 (corresponding to an etalon
'f'8f.'6j. A source of width s will get broadened by the etalon and the resultant
é convoluted product of e and s. This turns out be 0.1983 for the above
value of s. Use of the LRP criterion that f/e®s should vary between 0.9 and
esa, value of aperture diameter in the range 3.3 mm to 4.3 mm, using the
nitions presented in last section. We have chosen a value of 3 mm for the
aperture for which ‘the luminosity should be very close to its maximum.
yxﬁebz of 3 mm diameter leads to a width f = 0.1428. Using equation (2.6),

esponds to a field of view of 0.34° for the instrument.

It is interesting to compare the set of parameters arrived at with that recom-
“bnyemandez [1986] for least uncertainty in the retrieved Doppler parame-

The above value of f is different only by 9 %. For the extreme conditions of

00 K and T = 1500 K, the selected value of s deviates by 30 % for the lower
d approaches that obtained by the least uncertainty criterion of Hernandez
emperature reaches its upper limit of 1500 K. However, the present value of
leal etalon width is 70 % of that using the least uncertainty criterion. Since the
‘and the available parameters, f, a and s, are close to their optinﬁim values de-

ed by |

east uncertainty criterion, the minimum uncertainties of determination

,ecﬁécl to be only slightly larger than what have been arrived at by Hernandez
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4 - Experimental detalls of the Fabry Perot Spec-
trometer

1’eyfk’opt;ical lay-out of the high resolution Fabry Perot Spectrometer used in the
‘~es’é,nt investigation for upper atmospheric studies is depicted in Fig. 2.2. This FPS
fexﬁ is'being operated from Mt. Abu since the winter months of 1985. The position

the instrument within the observatory is such that detection of light from only two,

rely, south and east, out of the four cardinal directions is possible. The lowest

evation chosen for the measurements of the horizontal component of neutral wind,

een 20°. Because of the increased emission column, the apparent emission rate of

atural airglow increases by a factor of almost 2 relative to that for the overhead

Van Rhijn advantage). It becomes hecessary to gather light from a low elevation

specially during solar minimum period, when the 6300 A line intensity decreases

nuously throughout the night, with occasional recovery around midnight. Since

 large scale geophysical processes of interest like equatorial ionization anomaly and

atorial spread F' depend on the configuration of the magnetic field and originate

over the dip equator, observations are confined to emissions originating from magnetic

For wind measurements to be discussed later, the reference wavelength is

btained from the easurements made overhead (zenith), with the assumption that

Doppler shifts in the vertical direction are negligible.
Flont silvered mirrors are used to direct light from the sky to the FPS. The

OIJtlLaHy contacted etalon is sealed inside & housing with an optical window in the
fend and a leng (L)) in the

rear end. The beam of light after multiple reflections
> scanning aperture by means of the lens L1 of focal length 50 cm,
b’eam 18 collimated before getting directed into a narrow band (3 A) interference

nch selects the wavelengtl

1 of interest and the resultant beam is focused onto

_‘>hotocathode of an KMI 9863 A photomultiplier tube with a cathode sensitivity
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~ 200 pA/lumen. The data acquisition system employed for counting the photons

Ilecﬁecl by the etalon and integrated over the area of the aperture, is described later.

- The air between the plates of the etalon acts as a medium whose refractive
de;c # needs to be changed to get the spectral distribution of incident radiation.
’15‘7"’c'an" be achieved by changing the pressure of the air. A stepper motor controlled
n drive unit serves this purpose. The limitations of using pressure scanning
n:\,ﬁiaintaining the linearity of the change in x with pressure, and the tempera-
ture "deﬂpendence of u. With air as the medium, a pressure change of about 90 torr
to‘ft = 1 mm Hg) results in one order change (FSR = 0.1985 A) for a 1 em gap
. The change in p for this pressure change is non-linear to only about 1 part

'r'thousand [Hernandez, 1986] and hence can be assumed to be negligible for the

k presented here.

An absolute temperature-controlled pressure transducer (type 590, Datamet-
cs Inc.) is used to monitor the pressure. This has a Barocel pressure sensing
lent which acts as a high precision stable capacitive potentiometer in which the
‘,le element is a thin highly prestressed metal ¢ diaphragm. Positioned between

Xe‘d‘ éapamtox plates, the diaphragm forms the separation between the two gas tight
enclosnr?& A difference in total pressure within enclosures produces a force which

'1'€ﬂ,ﬁécts the diaphragm and varies Lho relative capacitance of the dxaphmgm and the

ed Cchch1Loz plates. The capamtauce variations are converted into voltage whose

1Phtude 18 proportional to applied pressure. The prescribed accuracy of pressure

eddl;ng 18+ 0.05 %. The etalon housing has two external ports, one connected by

UbbCI tube to the piston drive unit for changing the pressure and the other for

Mitoring the presgurc through the pressure transducer.

Smcc the refractive index ¢ also depends on the temperature, the thermal

lhty of the etalon is important, especially when the measurements of neutml



o desired. It is necessary to maintain the temperature of the etalon to better
10 C (corresponding to a shift of 0.0002 A which isrequa,l to a wind of 10 m/s).
ally:tllé winds in the upper atmosphere are of.the order of 50 to 100 m/s. The
ma.lé'_;tability is achieved by means of a dual heating enclosure. The gap between
tal;)il‘cllalllber and the outside jacket kept close to each other, is maintained
ls;;a’nt temperature by an on-off type temperature controller. The resistive
ké}ijﬁeht wound on the etalon chamber is used as a part of a linear-proportional
,urwe controller. This"dual heating system is found necessary in order to

ter the variation in room temperature at Mt. Abu, which becomes pronounced

The filter is tuned to the wavelength A of interest (i.e., 6300 A) by chzmgljng [

€ coatings. In this case, the temperature is varied till the peak transmission of

Mperature control of the filter is maintained to better than 0.5° C, and is

—

oy using Peltier elements and a bipolar temperature controller. Since the

L

hperature condition over Mt. Abu has a wide fluctuation seasonally, Peltier
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'\af-e used in heat/cool mode. The filter along with the collimating and the

o4 lenses is sealed in an assembly and is attached. to the earlier optics.

The filtered beam collected by a focusing lens L is then projected onto the
caLthode of 9 mm efféctive diameter, of an EMI 9863 A photomultiplier tube.
6tocathode material is of S-20 type (Na;KCsSb material) with a quantum
:y of 6 % at red wavelengths. The gain of the PMT is about 3 x 107 and the
e :of the output pulse is typically 2.5 ns. A thermoelectrically cooled housing
de use of, for cooling the PMT to less than about - 15° C, to bring down the
VEHOiSG. The PMT is operated. at a high optimﬁm voltage of 1650 V. The
level is such that the mean signal pulse height is well above the pulse height
dise Which results from thermionic emission from the photocathode as well as
sources such as preamplifier noise and electromagnetic interference pickup. An
I'é‘é""latmpliﬁer/discriminator is being used to amplify the signal and to select
:ﬁﬁlses by setting the discriminator at a proper level. The resulting pulses
ransferred to counter ‘A’ of SR400 gated photon counter (Stan‘ford Research
ifS,"IIlc.). The latter measures the intensity of the signal by counting the number
t',,o'nsk which are detected by the PMT in a given time interval decided by the
er jmotor piston drive (operator selectable). The pressure information which is
_e in analogue form from the pressure transducer is passed through a precision

ge to hequency converter and fed as input to counter ‘B’ of SR400 gated photon

The schematic of the complete data acquisition system for the Fabry Perot
féllleter 1s shown in Fig. 2.3. The two channels available within the gated
n ?Oullt}el' are made use of for the pressure and intensity information which at
step of the spectral scan, is transferred to an IBM PC for on-line plotting and

stored ip floppy diskettes after the completion of the scan. The movement of
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"c',nfby the stepper motor is synéhronized to the data acquisition. After every
t of the piston which changes the p1:essure by ~ 1 torr, the pressure inside
,’ chamber is allovved to stabilize. The respective counters for photon and
céunts are enabled, the counts accumulated for a preset integration tlme the
ed and the cycle repeated. At each pressure step, the airglow photons are

or 8 seconds and a spectral scan covering 1 order lasts for about 18 minutes.

single mode helium-neon laser operating at 6328 A is used to obtain the

1strument profile at the beginning of observations on each night. The representative

trument parameters observed on 13 February, 1991 are as follows:
WIIM = 1246 torr;  FSR = 91.061 torr;  Contrast = 15

rameters yield an overall mstmment finesse of 7.3 which is considered ade-

‘wmd and temper atme measmements

7?1is'cussed in the next section, the measured instrument profile is used for
L of Doppler width. For the pressure-scanned Fabry Perot Spectrometer, it
: @ssmﬁéd that the variation in the refractive index (1) with respect to changes
rature between the etalon plates, is either negligible or small. If the changes
glllﬁ;:anf upto, say 0.1°C, then the magnitude of the drifts i‘n the peak position
’ 1anges in temperature, need to be known beforehand for

le line profile due to ¢

e-of-sight wind measurements. An AD-590 precision temperature sensor rlhas
tached to the body of the etalon to continuously monitor the temperature
dIOII chamber, Making use of the convenience of setting the temperature
ecmtmg system used for the thermal stability of the etalon to our choice, the
,ltlons of the highly stable, single mode, 6328 A He-Ne laser profile were

d fOI various chamber temperature settings after r allowing sufficient time to

fo . e )
1;“1( etalon chamber to get stabilized. Fig. 2.4 is a result of such an exercise.
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Fig. 2.4. Drifts (measured in pressure units, i.e., torr) in peak position of Fabry
Perot fringes obtained using a highly stable He-Ne laser with respect to changes in

temperature between the etalon plates. The slope of the best fit curve has a value of
2.77 torr/K.




e;iﬁsti’umentvpr'oﬁles. obtainéd on each of t.he nights during the February, 1991
Igbaigﬁ were made use of, for this purpose. The linear increase in pressure corre-
kp{/)nding to the peak position, with chamber temperature, when the latter varies by
4 K,'is to Be noted. The best fit line yielded a slope of 2.77 torr/K, which has been

incorporated as a correction for determining Doppler shifts.

.5 A method to retrieve depler parameters from
observed fringes

he output profile of the Fabry Perot Spectrometer is essentially a distortion of the
source profile due to the various broadening factors discussed in section (2.2). The
: iﬁs.‘trument acts as a window over which each spectral element of the source function
i kintegrated. In other words, the expected output profile ¢(z) is a resultant of the

convolution of the source function S(x) and the instrument broadening function /(z)

_and can be expressed as

</)(L) = /](:L —a') S(a') da' (2.7)

In practice, the observed profile is contaminated by noise inherent in the detected

signal, the background continuum and the contribution due to neighbouring sources,

if present. If O(z) represents the observed profile, e(z) the noise and other extraneous

factors and B the background continuum, then

O(x) = é(z) + c(z) + B
The problem is to solve for S(x), the source function under consideration given O(z)
and /(z) and then retrieve the Doppler parameters of interest from S(z). There are
two ways of doing this.
- (1) Assuming that the noise and the background are insignificant, express each of

the functions in (2.7) in terms of their Fourier transforms. In the Fourier domain,



"o”n'VO]utiOD becomes simple multipliéation of the Fourier transforms of the two
tions. The deconvolution then can be easily performed since the problem reduces
gjiﬁp]e division. The solution is obtained by taking the inverse Fourier transform
e résu]tant function. However, this method becomes useless when the noise
hérent in ¢(x) and to a lesser extent in /(2) gets amplified in the deconvolution
;o‘c’ess [Anandarao and Suhasini, 1986]. Cooper [1977] expresses this important fact

the following way:

All too often deconvolution procedures are applied blindly to ailing data with the
xpéctati011 of a miraculous recovery of information. However, the hallucinatory side

ffects of this particular course of treatment can be more damaging than the original

rofile O(x), which can be effectively filtered out by applying one of the smooth-
ng bprocedures to the acquired data before the Doppler parameters are determined.
,"'lele noise-free data can then be subjected to an appropriate statistical optimization
_method to arrive at the solution, i.e., to retrieve the source profile S(z) under consid-
kel“ation. Several workers have followed the general non-linear least squares approach
"to estimate the best solﬁtion for the Doppler parameters of S(z) [Hays and Roble,
f':1971; Hernandez, 1986; Mériwether et al., 1986; Okano and Kim, 1986; Sahai et al.,
- 1992b)]. |

We have developed a new method entirely suited to the quality and the amount
;Of data that are being collected. Though the approach is based on the general non-
linear minimization principle, the method at each step takes care of the practical
Problems we faced during observations and enables us to examine and overcome the
lilllitgti011s mmposed by various factors in retrieving the Doppler parameters. The

method of line profile analysis is as follows.

e
o]



It can be assumed that the line source associated with the optical observation
of this kind is described by a function S(z) that is of Gaussian shape.

S(A) = 5—':\3- exp [——QC_Z—/\—;%—)—J E (2.8)

S is the intensity of the line whose center wavelength is A\ and d) is the Doppler
width of the emission profile and is related to the full width at half maximum (6X)

by §x =2 (In 2)1/2dX and to the kinetic temperature (7),) by

§A = T.16x107" N\ (Ty,/ M)/
.;w‘here M is the molecular weight of the emitting species in amu.

In its discrete form, the convolution integral can be written as

b(xi; pj) Z/ (wi; z) Sz p;) (2.9)

Here py’s (j = 1,2,3) represent the parameters of the Doppler profile to be determined.
nis the number of data points. In terms of pi's, S(z) becomes
- N 4 S (zk — p2)*
S(agpy) = - (ép {MTJ
p1 being the peak line intensity, p, the line centre and ps the line width. z; is a
- yariable.that describes the scan of the device. In our experiment, it represents the
value of the pressure at a particular step i. The summation of (2.9) is over one free

_ Spectral range, and if there are n steps to cover this, then we have n equations for

O py)

The criterion for estimating p;’s is minimization of the sum of squares of devi-
&Fioll ([x(p;)]*) between the observed and the expected profiles at each step i which
- would then lead to a best set of estimates of Pj’s.

n

o P = 3 [00) - desp)] = 5 le(@)]? (2.10)

i=1 i=1



then min‘ixﬁiza{;ion of [x(p;)]? implies
d 0 g ‘ o2l
3}))[’(1’))] = '8’]’): Z [wi [O(z;) — </)(\’L;,]Jj)]} = 0

i=1

hat can be solved for p;’s

There are several methods available for searching parameter space for a min-
mum of [x(p;)]* [Bevington, 1969]. An alternative to such methods and a simpler
pproach would be to lincarize the fitting function ¢(xi; p;) in the neighbourhood of
1gptimum values of pj’s [Guest, 1961; Draper and Smith, 1966; Bevington, 1969]. Since
he form of the expected profile #(xi; p;) 1s known (equation 2.9) (a convolution of
"the instrument and source profiles), this method is adopted for the determination of

)

pj’s.

Hays and Roble [1971] have adopted an analytical expression for the behaviour
‘of the mstlument by expressing its response in terms of a Fourier series. The overall
In;i;IUIl]EIlt functlon 1s expressed as a convolution of all known broadening functions
descrlbed in section (2.2). For the instrument employed in the present work, diffi-
culties were experienced in describing analytically the behaviour of the instrument
thh the available etalon parameters. This could be due to our limited knowledge on
the possible errors present in the optical system. Though the observed contrast is
,' in the range 10-15, the contrast deduced from an analytical expression representmg
the ihstrument function is as high as 50. However, the widths do not differ much
Further, it is not possible to incorporate any asymmetry in the observed mstrumenf
: profile if present, in the analytical expression. Thus since the themetlcal profile eval-
uated from Fourier series analysis of etalon parameters does not represent the actual
*lnstlument performance, the observed instrument profile measured on each night is

Made use of for deconvolution, in the present analysis.

The detector attached to the ‘abry Perot Spectrometer yields photon counts



per unit time interval. The properties of the photon field are that it is fluctuating
and is discontinuous, and follows a Poisson distribution [Bevington, 1969; Hernandez,
”1986], If the detector yields N photons for a given time, then the variance is NV for the
same time. Hernandez, in a series of pai;ers (1978, 1979, 1982a, 1985}, has highlighted
éﬁ]d quantified the uncertainties caused by inherently noisy measurements. Hays
'aﬁdv Roble [1971] have shown that the high frequency components associated with
the fluctuating photon field can be effectively filtered by considering only the first
ﬁvé Fourier coefficients when the observed profile is expressed in terms Qf a Fourier
series. The other approach would be to employ cubic smooth spline functions with
. appiopnate weighing factors in order to minimize the random errors present in the
‘ data [Sridharan et al. , 1991]. We have used both the methods and the results agreed
_well within the statistical uncertainties in the retrieved parameters. However, we

adopt tlie Fourier decomposition method described below to minimize the random

_ertors associated with the photon noise, since this is computationally faster.

If Y(p;) represents the observed count at a pressure p; of the medium between
 the etalon plates and Ap is the free spectral range expressed in pressure units, then

‘the cosine and sine transforms are written as

~ oy
Viu = ;r_;;z Y(pi) [2 sin (Zng;) sin® (7(111—[—&]—)1-)*)
+cos (2rm L) sin (2rm L) (2.1)
cos (2rm-—) sin (2rm—-—— 1
Ap ' Ap
and
Yo = ___1__2 Y(pi) |2 cos (‘77rm—P—~) sin? (rm op; )
o Tm | ' Ap Ap
— sin (27rm—z—)~i~) sin (27rm§ﬁ) (2.12)
Ap Ap’|

ot
[



1eoretmdlly, the fringe ploﬁle can then expressed in terms of the Fourier series:

n cos (ma + «) (2.13)

m=1

= (V2 4+7V2) 2 anda = tan~ U (Yau/ Vo). Veo is the zero order trzmsfm m
"the data. Using the above equations and with m = 4 (first four coefficients), the
random noise in the observed data appearing as higher order coefficients in (2.13), is

ltered out leaving the data free of fluctuations associated with these components.

Hays and Roble [1971] have solved equation (2.10) in terms of Fourier trans-
fof111s and the coefficients. They have used a parabolic least squares technique to
déﬁermine the minimum vqlues of the sum squares of deviations between the ob-
served data and the analytical profile calculated using the instrument coefficients

and a Gaussian profile of a given temperature 7,. Three arbitrary temperatures are

ssumed to begin with, and a search is made for a minimum in deviations. The con-
tants which are made use of to fit a parabola to the deviations, are solved to yield T;,.

However, this method is computationally intensive and the solution will not converge

if the selected initial values are too far from the minimum and if the curvature of the
deviations calculated happen to be of wrong sign such that the minimum is never

approached [Bevington, 1969; Killeen and Hays, 1984].

\

We adopt the linearization method mentioned earlier to retrieve the Doppler
parameters in our data reduction procedure in which the first step would be to assume
v vhat the background is zero. In order to estimate the best set of estimates pi's, the

generalized Newton-Raphson method is used which is an iterative procedure based on

& Taylor series expansion about the current approximation to the required solution.

The linearization method uses the results of linear least squares in a succession

of stages. The function, ¢(z;i; p;) is first expanded in a Taylor series about pf’s (a set




tial values):

0 & 8(/)0 S
Plzisp;) = d(aip]) + ) T | Pi (2.14)
i=1 P/
= p — pj and ¢° = $(xi;pf), pf being an approximation to pj. Higher

: , ¢°
- ri) — T, O d I \,'{~ = —_
O(zi) — é(zi;9)) anc T o).

then x?, the sum of squares of deviation is given by

2

n n 3
2 _ }: 2 . ! I
X = W; 'Ui = Z Wy 'Ui - Z pj‘z’ji
i=1 i=1 j=1
inimization of x* leads to the normal equations
n 3
. I N _ -
Zw, (v Zi”j@ji) Ty = 0 (2.15)
i=1 j=1

vhich can be solved for p; and hence the estimates of the parameters will be Pj

0
it

Writing out the functional form of ¢(xi; p;), in the case of a Doppler-broadened
profile,

n

i p;) = Z Py exp [—-(:ck —])2)?/]%] I(z; — ay)

k=1 P3

, "‘ . .
The derivatives are

e 9
ap ;

0 2(z) ~ »-
g/)_ — (’Lk , Pz) (/)
Ipa P3




94 |2z — p2) 1
as | T p

3 aO ,2
Zw, Olxi) — (zi;p)) — > 9. pif | =0

apm i=1 j=1 ap-'

ch becomes

n 3 ' a(/)o 6¢0
2 wi [O(x;) — ¢(ay;p? — P =] =0
| ; (i) = 9l zi) J; )|\,
eg e¢ti11g the second derivative terms.
he normal equations are therefore
n 8d)0 n 0 a¢0
0@) (5] - 2w
jzzl v (‘L) apm i ; v ¢ apm i
n 3 6¢0 a¢0 ,
i=1 J:ZI dpj i OPm c
) ‘-') 3)
 O(zi) — ¢° = R and B, = im wi R (g—f—) Then (2.16) reduces to
: n 3 ad)o 8¢0
Bm - wj ~ Y Pl =0 (217)
?:—1: J:El dpj i apm i !
kariting In matrix form
B = AP or P = A'B (2.18)

P are obtained by solving (2.18) by one of the standard elimination methods and

tetaining the elements of A~1 also at every step.

Since p{’s have been the rough estimates of the original parameters, they can

be i improved upon by suc cessive iteration. p;’s will then play the same role as p)’s and

[
oo



'ol'e'pfocedure is repeated till the solution converges. The rate of convergence
method varies with the quality of the data and the initja] values selected. The

step of the data reduction procedure would be to estimate the background

for these estimated values of Pi’s

alu‘a‘t;ion of background for the estimated pi’s

The response of a Fabry Perot etalon to a broadened source profile has been

onsidered by Chabbal [1953].- The transmission of the instrument is a product of

,tl‘ivé‘contributions due to (i) absorption by rveflecting layers of the etalon .(these are

remely small in the case of the dielectric coatings), (i) surface defects of the

lon, (iii) the scanning function f, and (iv) the source not being monochromatic.

xcept the source itself having a finite wid th, all the other factors are inherent in the-

easured instrument profile. Thus the former needs to be estimated for an accurate

eternnnatlon of the source width. The actual contrast of the airglow proﬁ]e is always

ess than the instrument contrast as determined using a laser due to the finite width

the source function and js related to the product of the instrument contrast and

the transmission of the etalon for the Doppler-broadened source. Due to the presence

of unwanted background radiation in the signal, the observed contrast (Inax/ I,

m'n)
is slightly less than the actual contrast C,... Hence the contribution due to the
background needs to be subtracted from the observed profile. The actual contrast is

5t11é;1

) ]mzxx - BG
szct - ]m,‘n _ BG (219)

- where 1

max; lwin and BG represent the maxmimum and minimum intensities and

the background level respectively.  Chabbal (1953] has studied the variation of the

'tlausnnsmon lactor of the instrument in response to various source-instrument width

1 combina(;ion.



order to evaluate the performance of our instrument in response to a

Je instrument coefficients (an) are first evaluated using the Fourier decompo-

2m;
A(-L) - [ma‘( ag -+ Z Ay —1112')'7’,,/4 CcOs (Z{:Lj (220)

o) x
v is a constant ( = 0.000458), Az is the free spectral range and L;mx is the
sity at the peak position [Hays and Roble, 1971]. o is the zero order coefficient
27r) If C'is the resultant contrast for a zero width source, 1.e., a monochromatic

he transmission in response to a finite width source is written as

™8 = CYar:t/cy

where Cy, is the contrast for the assumed source width ( = Cif the line width is zero

which rp = 1). The ratio of the source width s to the etalon width e is increased

n“di‘s‘cl‘ete steps and the txansnnsslou 1s evaluated using the above expression. Fig. 2.5

ows the response curve of the instrument which is compared with the theoretical

urve given by Chabbal [1953]). The deviation of the actual response curve from

t obtained by Chabbal is due to the fact that the instrument broadening has a

nctlonal form between a Gaussian and an Airy type whereas the theo1et1cal curve

3G®F) has a functional form when the etalon function E is of a rectangular type

:vyllvmlar result with regard to the spectrometer behaviour has also been obtained earlier

Yy Rajaraman, [1982].

Using the transmission curve and the formulation given above, the background

can be evaluated for any value of source width under consideration. The background

hus determined is t]

ot

1en subtracted from the observed profile. The first step of the

metho 11

@ 1s once again applied to this new profile for the determination of a new set
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Fig. 2.5. The response of the instrument to various source widths. The dashed
curve represents the result of theoretical calculation done by Chabbal [1953
continuous curve represents the result based on obse

] and the

rved data from the instrument.



'ueé and ﬂle whole proces;; is repeated until tlie difference in the estimated

tures between two successive iterations is less than 10 K.
ation of errors

The standard deviation o,, for the uncertainty of determination of any pa-
er is the root sum square of the products of the standard deviation of each
oint o; mulﬁiplied by the effect that data point has on the determination of the

;meﬁer p; [Bevington, 1969).

: _ v 2 Ip; i ' .

Ul’j - 1::21 oF ()O(’L,) (221)
S‘vince the ﬂuctuatﬁioﬁs in our measurements are statistical, the standard devia-
1 corresponding to each observation can be estimated analytically. It is known that
c‘;)bserved counts follow a Poisson distribution. With the usual assumptions and
vpvr'oximatious owing to the difficulties in solving equations associated with a Poisson
iStribution, the uncertainties o; are reasonably approximated by o} = O(z;) which

the observation corresponding to the independent variable z; [Hernandez, 1978].

From the normal equations,
3 n

P = Z €im Z w; [0(7:, — </)0} KX(z;) (‘2.22)

’ m=1 i=1 »

wheré ¢, are the elements of the inverse matrix A~! and

. 8¢0
6PJ' i

The remaining factor on the right hand side of (2.22) is the same as the matrix B

= Xj(z;)

defined earljer.

For determining the uncertainty in each parameter pj, the derivative of p; with
Tespect to the observation O(z;) is to be calculated.

8])' 8 3 n )
aO(:Jci) T 90(wm) | & O > wi [0(a) — ¢°] Xn(ai)

i=1

m=

G2



erefore

d_O_(__I_]_)_ = Z wj fjm m( l)

) becomes

n

3 3
opj' }: Z €m €)1 Z [w; Xy () Xa ()]

m=1 I=1 i=1

Il
Me
1M

(€m €1 €m1) = € (i=123) (2.23)

The result of this calculation is that the diagonal elements of the error matrix
which is the inverse of the matrix A defined earlier, are the uncertainties of the
rameters »;’s.

To have a check on the ﬁempefature determined using this method, a fringe
;oﬁié is constructed using equation (2.20) with this temperature and the available
1strument coefficients and is compared with the observed profile. An example is
dépicted in Fig. 2.6 and the agreement is indeed very good. Using this powerful
QChuique to determine Doppler parameters, useful results have been obtained on the
.  ynamics of the thermosphere-ionosphere system [Sridharan et al., 1991; Gurubaran

_and Sridharan, 1993).

2.6 Line profile measurements of O I 6300 A emis-
sions

/Though the method developed for the deconvolution of a source profile can be applied
to any optical observation, its application to airglow O I 6300 A emission is critically
examined in this section. This follows from our basic necessity of obtaining thermo-

Spheric parameters for which the present investigation was initiated. The properties
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f;ﬁ}]e 1D to 3P transition of excited thémic oxygen giﬁng rise to 6300 A emission
re well known [Chamberlain, 1961]. The emission line strictly follows the shape of a
D’opplef-bx'ozLdelled i)x'oﬁle- and can be expressed by a Gaussian function [Biondi and
éz’belman, 1968]. The factors which limit the precision of the parameters of the line
ofile retrieved using the 1116(;116(1 described in the last section, are as follows: (1)
"‘ltb; and/or smear in the aperture used, (2) Thermal stability of the etalon, (3) Low
tensity level of the emission, (4) Fast intensity variations, (5) Shears present in the
md systems of the emitting region and (6) Contamination of 6300 A due to OH
mblecular band. These aspects and the methods adopted to overcome/mihimize the

ffects are briefly discussed below

kl)"One of the effects which causes an asymmetry in the measured profile is due to the
1lt of the aperture plate with respect to the normal to the optical axis and possible
smear in the aperture (due to improper machining). A careful e)gaminatioﬂ of the
f‘r’iylviwgé pattern as the spectral scan is made, will show that as the pressure of the air
between the etalon plates is increased, a bright spot first appears at the centre of the
p\érture which subsequently evolves into a fringe. At a particular value of pressure,
it’completely fills the aperture and then moves away from the centre, leading to the
k"briginal ‘darkening’ of the aperture. Similarly, the reverse happens if the pressure
is varied in the opposite direction, i.e., when it is decreased. The left half of the
scanned profile gets developed during the period when the bright spot first appears

at the centre, evolves and completely fills the aperture (during forward scan). The

"ﬁ’ght half corresponds to the fringe ‘leaving’ the centre. A simple leasonmg suggests
fﬁhdt, m the absence of other factors, any asymmetry in the measured pxoﬁle arises
either due to the aperture not being exactly circular or it is not concentrically aligned
@ﬁd/or the aperture plate has a tilt with respect to the optical axis. Under such
:Ci1'6111115tallces, once the fringe maximum is reached, the light will not be uniformly

- Cut as the scan progresses, and hence would lead to an asymmetry. Due to the



ns menfioned above., the left half of the airglow profile is reflected to the right
s eliminating the asymmetry and broadening, and the resultant profile is analysed

1g the method described in the previous section.

) If the etalon chamber temperature and hence the temperature (?f the air enclosed
@ges during a scan, the profile is likely to get distorted. This is mainly due to the
ﬁactive index being dependent on temperature. This effect becomes significant for
wmdudetermination and not so much for temperature estimates. However, since the

hermal stability of the etalon is maintained to better than 0.1° C by a dual heating

o)

losure and by housing it in a chamber having large thermal capacity (section (2.4)),
the instrument profile is not expected to drift in wavelength due to the variations in W
rising purely out of changes in etalon temperature. This eliminates the possibility of
iie:distortion of the observed profile due to changes in y associated with temperature

lone, during a spectral scan.

- Earlier workers have stressed the need for an adequate signal to noise ratio to

obtain accurate Doppler temperatures [Hays and Roble, 1971; Hernandez and Roble,

1976; Hernandez, 1978; Hernandez et al., 1984].

The emission profiles and the corresponding retrieved temperatures obtained
,_,’during the coordinated campaign in the month of February, 1991, are scrutinized and
‘a plot of the peak intensity (in counts) versus the standard deviation in retrieved
temperature (the third diagonal element of the error matrix ¢; see last section) is
shown in Fig. 2.7. The peak intensity level measured is in the range of 100-1400
counts. The precision with which the temperature is determined, is seen to fall

sharply as the count level reaches below 200. Owing to a large error present (>

200 K), profiles with peak intensity below 100 counts, which is rather frequent at our
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Fig. 2.7. Standard deviation in the temperature determination versus peak intensity

(in COUI]FS) of airglow fringe profiles for February 1991. The best fit curve using
polynomial approximation is also plotted.
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~~t~ltudes are not considered for analysxs This sets a criterion for the rejection of line

Fast variations in line intensity distort the profile shape and width, and lead
ncertainties in the retrieved parameters [Hernandez et al., 1975; Hays and Roble,

Rajaraman, 1982]. It was suggested by Hernandez et al. [1975] that an intensity

iation of more than about 20 % leads to a greater uncertainty and such profiles

to be rejected. This suggestion. is seriously considered in the present work and

files with large variation in intensity (peak to peak of sequentially observed fringes)

arefully analysed. As the intensity of the line increases, during a forward scan,

he left half of the profile is expected to have a larger contrast (maximum to minimum

rgtio) than that of the right half and the reverse holds when the scan is made in the

opposite direction. Similar effects would be seen when the intensity decreases. Such

istortions in the profile are expected to affect the temperature measurements often

ifesting as higher temperatures. In spite of these expectations, on many occasions,

ien the intensity changes were by more than 25 %, the temperatures obtained are

t very different and the profiles are still neat and clean. However, variations on a

much larger scale do contribute to significant changes in temperatures, and profiles

‘ltth such variations are duly rejected.

(5) Biondi and Feibelman [1968]

pointed out the possibility of a line profile distortion

due to gross motions of the thermosphere. Within the emitting layer of thickness in

the range of 50 km, a shear or velocity gradient in the neutral atmosphenc motion

18 expected to lead to a slightly non-Gaussian line with a skew about the line centre.

”DUI'lIlg‘ their observations from Laurel Mountain, Pennsylvania, Biondi and Feibelman

1968] have observed a few profiles of marked asymmetry and attributed them to a

Sharp gradient in wind velocity within the emitting region. However, in the Indian

20ne, in situ measurements by means of release of vapour clouds by rockets, revealed




B

there were no shear or changes in the wind velocity in the altitude region of
ssiou [Sridharan et al., 1989] thus suggestﬁng that such occurrences may not be

mmon. Hence their possible effect is not considered in the line profile analysis.

) The presence of emission lines of the OH inolecule (6 (6287.5 A, 6297.9 A and 6307 A)
»“;‘t,he‘O 16300 A emission line ha.sﬂb(-:cn well recognized for more than three decades

hamberlain, 1961; Hernandez, 1974). Hernandez [1974], in an important work, has

igated the effects of OH contamination of the 6300 A line and found them to
g’iiiﬁca11t at certain times. As the emission rate of atomic oxygen line decreased
él’qﬁ 20 R, the OH contribution has been observed to be significant. In the present
wo,rk’, a narrow band interference filter (3 A bandwidth) tuned to 6301 A is expected
to ﬁltel out all the other Imes of the OH emission band except 6297.9 A. Though
Ie 6297.9 A component of the OH band is close to 6300 A, it lies at the rapidly
ialhng edge of the filter transmission curve and secondly the gap between the Fabry
Yerot etalon plates (1 cm gap) is so chosen as to make this emission feature appear
1 the middle of two 6300 A profiles corresponding to adjacent orders. Hence it is not

xpected to contaminate the observations even when the emission rate of 6300 A falls

W, except on occasions when the molecular emission intensity is unusually high.

The results obtained on temperatures and winds from the low latitude station

are presented and discussed in the chapters to follow.
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’[éasurements of thermospheric
e'mperatures from low latitudes

1 Thermal structure of the neutral upper at-

mosphere

| e temperature structure of the upper atmosphere is formed in response to heating
and cooling processes, as well as to transport of mass, momentum and energy. The
most important heat source of the thermosphere is the extreme ultra violet radiation
from the sun, which is highly dependent on solar activity, varying by a factor of 2
between extremes of a solar cycle. Though the total amount of energy available from
this source is small compared to that from the ultraviolet and visible radiation of the
solar spectrum, considering the rarified absorbing medium, the specific heat input
due to the EUV source is very large accounting for the large temperatures observed

in the thermosphere.

There are several reasons for the sharp temperature increase in the lower ther-
mosphere. There exist sinks of energy near the mesopause region due to the infrared

Tadiative cooling of excited species such as nitric oxide and carbon dioxide, which have




_ir own height distribution. In the event of decrease of densities of snch species
eir : -

e the mesopause, the temperature starts building up due to EUV absorption.
sever, there occurs another physical process in the real atmosphere which tends to

ract the temperature increase. Though the radiative cooling of the excited mi-

éCiés acts as a principal energy loss process, coﬁduction of heat helps to remove
:‘ount of energy absorbed at higher levels. The coefficient of heat conduction
ugh iﬁdependent of the ambient gas density, rises with temperature like 7'/2. The
Eise in temperature in the lower thermosphere assists heat conduction, which
lirni,'acts as an efficient means of temperiture equalization in the upper atmo-
e. This simple physical reasoning in conjunction with the diffusive equilibrium
;of‘vémtll species that prevails above about 120 km, had led to the development of static

 diffusion models [Jacchia, 1965, 1971].

The regular daily variation in temperature prod‘uced by the sun’s transit across
$ky:‘amou11ts to about 30 %; the minimum nighttime value (7., ) occurs at about
O':h local time in near-equatorial latitudes and the maximum value occurs at about
00 h local time usually near the equator. During sunspot minimum, 7., is near

600 K and on a night during a typical sunspot maximum, T, is about 900 K.

Fig. 3.1 shows vertical distributions of the major neutral species in the upper
‘atmosphere, corresponding to minimum and maximum solar activity levels. Extreme
cold (corresponding to late night conditions at low latitudes) and extreme hot (cor-

~ Tesponding to low latitude afternoon conditions with additional heating associated

With strong geomagnetic activity) thermospheric temperature profiles were made use

of to obtain the altitude distribution of these species [US Standard Atmosphere, 1976].
Below 100 km, the major constituents are molecular nitrogen, molecular oxygen and
argon, with respective densities of about 2 x 10 em™, 5 x 10'® cm™ and 2 x

17 . . o . .
10" em™3 at sea level decreasing exponentially with increasing height to the values
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NUMBER DENSITY, m™3

Fig. 3.1. Vertical distribution of major neutral species in the upper atmosphere for
solar minimum and solar maximum periods [US standard Atmosphere, 1976). The
density profiles in the left panel are for low latitude nighttime conditions (coldest)
_ and those in the right panel are for low latitude afternoon conditions superposed on
 the geomagnetic activity associated heating (hottest).
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1 the figure at 100 km. As it is apparent in Fig. 3.1, the thermosphere expands
o temperature increases in response to solar activity. The density at 500 km can
ary by almost three orders of magnitude and has been having an important influence

16 satellite orbits when it increases to its highest value.

In addition to solar EUV source, there are other sources such as magneto-
eric particle precipitation and joule dissipation of ionospheric electric currents,
hich aré important at high latitudes. Non-local processes such as transport of mass,
'oﬁ]entum and energy due to winds and wave motions significantly alter t_he above
mple physical picture that had evolved before satellites were flown into space. Many
reviews exist in the literature that discuss these dynamic processes, which ultimately
determine the compositional, dynamical and thermodynamical state of the upper

atmosphere [Dickinson, 1975; Mayr et al., 1978; Killeen, 1987; Crowley, 1991].

3.2 Neutral temperature as a measurable param-
eter in the thermosphere

k'The neutral temperature is one of the observable parameters of the upper atmosphere.
At any height, the temperature is related to pressure and density by the ideal gas
IAW and hence the changes in neutral density follow the changes in temperature. As
_a certain region of the atmosphere is heated, it expands and the cell of gas above
it is raised to an increased height, thereby replacing a less dense cell. The result
is, at a fixed altitude, the density increases with increase in temperature above the
mesopause level (Fig. 3.1). Making use of the exponential decrease of pressure with
i\/l\leight, it is useful to express the various atmospheric parameters such as neutral
and ion densities in terms of fixed pressure levels. Since the weight of air overlying.
any cell of air at a given pressure level does not change during heating, the result of

an increase in temperature is the expansion of the pressure levels while the density
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) ch€ cell decreases [Garriott and Rishbeth, 1963].

_ Given the temperature profile, the height distribution of the neutral atmo-
ric density can be determined, provided the density at some lower boundary is
own. Analysis of satellite drag data showed that the temperature is characterized

by a single value referred to as the exospheric temperature (T%,), and prevails in the

he;g‘h’t'region of about 400 km and above. Empirical models of Jacchia made use of
this finding and in order to run such models, it is sufficient to know the exospheric

temperature.

~ The thermospheric temperature is an indicator of a variety of photochemical
re‘aylxyctikons that lead to conversion of solar energy to the kinetic energy of the atmo-
héric gases. Our knowledge of the global scale sources and sinks can be tested by
mgdeling the thermospheric mean temperature profile. Several chemical reactions are
emperature dependent and the composition of the neutral and the jonized species
are thus influenced by the thermal structure of the atmosphere. Several transport
befﬁcients such as those of diffusion, viscosity and conductivity, that appear in the
onservation equations of mass, momentum and energy, depend on an accurate knowl-

edge of temperature.

The neutral temperature is one of the parameters that coxiples energetics and
dynamics. The adiabatic heating and cooling that result from a large scale neutral
k"air circulation associated with a global scale pressure gradient, is an example of this
'kCOVUpling. A net result of this process, in the case of diurnal heating and cooling by
iSola.r radiation, is that, energy is literally taken out of the dayside and transported
‘ ﬁbwards the nightside. Transport of mass, also referred to as wind-induced diffusion,
:I'esults in net accumulation of a minar species such as helium in one of the hemispheres
, ”‘eind a et depletion in the other [King, 1964; Mayr et al., 1978]. An expansion of the

L3

_ atmosphere due to heating brings in molecular enriched air from lower heights thereby
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- ng the atomic to molecular concentration ratio. This has been invoked to explain
ecasonal and storm-time behaviour of F' region electron densities [Shimazaki,
Rishbeth, 1975].. These examples illustrate the importance of thermospheric

P rature whose knowledge is essential in understanding many of the underlying

hys,l,ca.l processes.

3 Techniques available to measure neutral tem-
_ perature

'he techniques that are available to measure upper atmospheric temperatures ¢an be
:adly classified into (1) the in situ measurements by means of rockets and satellites
uding drag measurements, (2) optical remote sensing of airglow emissions, both by
ound-based and space-borne measurements, and (3) inferences from remote sensing

measurements of the ionosphere by incoherent scatter radar.

With the launching of satellites in 1950’s, a new method had evolved to infer
thermospheric temperature from the orbital drag data acquired. Since the decelera-
ati‘kdin,kof the satellite is a direct function of atmospheric density, neutral temperatures
were determined using simple physical formulation [Jacchia, 1971; Jacchia, 1977].
}Thése static diffusion models were soon outclassed by the more appropriate Mass

Spectrometer and Incoherent Scatter (MSIS) models.

Mass spectrometers for the in situ measurements of neutral temperature have
ééﬁ flown on several rockets as well as on Atmosphere Explorer and Dynamics Ex-
plorer satellites. The temperature of the ambient gas at the location of the satellite
,’ is determined by measuring the velocity distribution of the dominant species. This
. ’principle has been used in the Neutral Atmosphere Temperature Experiment (NATE)

on AE-C, D and E and the Wind and Temperature Spectrometer (WATS) on DE 2.



»cém‘b' contribution from AE mission to low latitude zone is the observation of
1ght}temperature maximum in the equzntoria‘l therinosphere [Spencer et al., 1979;
et al., 1979]. With the useful data from this mission, in conjuncLAion with inco-
scatter Ilieésux~elllelxts, Hedin et al. [1977a,b] developed a global thermospheric
known as the Mass Spectrometer and Incoherent Scatter (MSIS) model. This
elha,s been subsequently revised twice as more information on the thermospheric
;rla,lgli’t’y is being gathered [Hedin, 1983; Hedin, 1987]). A recent result from the

S data on DE mission has been the discovery of an Equatorial Temperature and

W d Anomaly [Raghavarao et al., 1991].

 Release of vapour clouds such as sodium and trimethyl aluminium in the upper
C Spllere by means of rockets and measurements of the expansion rate of clouds
eld diffusion coefficient from which neutral temperatures are inferred. A series
such experiments have been conducted in the past and have given good results
Golomb et al., 1968; Rees et al., 1972; Desai and Narayanan, 1970; Ranjan Gupta et
L, 1986). |

Though an incoherent scatter radar (ISR) measures charged particle character-
tlcs, a method was developed to determine thermospheric temperatures with these
ata [Nisbet, 1967]. The close coupling between the ions and neutrals has led to most
of the thermospheric information from the incoherent scatter radars [Oliver et al.,
"1988]. Using the equations of collisional heat.transfer among the neutral and the
ionized species, the neutral temperatures are calculated from the measured ion and
éléctron temperatures and densities. An exclusive review on the contributions of ISR

” to the development of global thermospheric models exists in the literature [Oliver et

al,, 1988).

Spectroscopic determination of thermospheric temperature by means of opti-

cal remote sensing of airglow emissions is one of the direct methods that are available
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: ,\ high resolution Fabry Perot Spectrometer is most suited for this purpose
fIEderzdez, 1986 and the references cited therein]. Optical remote sensing devices
e ’b'een flown on spacecraft such as OGO 6 and DE 2 to monitor the upper at-
spheric paraméters [Blamont and Luton, 1972; Hays et al., 1981). The review by
\z\dn’dez and Killeen [1988] deals with the type of instruments that have been used

this purpose. The data from OGO 6 spacecraft were used to generate an empirical

1 'dei of thermosphere [ Thuillier et al., 1977], which turned out to be the only model

that has been derived from direct measurements of kinetic temperature. The results

om FPI data on DE 2 satellite have been reviewed by Hernandez and Killeen [1988].

Continuous ground-based observations of airglow emissions using Fabry Perot
Spectrometer are being made since Armstrong [1953] who revived the utility of the

instrument for upper atmospheric temperature measurements.

4 Results of previous optical measurements on
neutral temperatures

f"'S"‘ince Hernandez [1972] who demonstrated the use of Fabry Perot Spectrometer in
studying specific geophysical processes (stable auroral red arcs in his study), there
have been many other workers who have effectively employed this instrument to\
yyr~f‘Il"1easure thermospheric parameters for a considerable amount of time [Sipler and
Biondi, 1978; Rajaraman et al., 1979; Burnside et al., 1981; Hernandez, 1982b; Yag:
and Dyson, 1985; Sahai et al., 1992a,b]. Data from equatorial and low latitudes are
” rather sparse. Considerable effort has been made to understand the response of the
‘midlatitude thermosphere to geomagnetic storms and the consequent auroral heating
Processes. Whereas indirect methods are available for the determination of meridional

winds based on ionospheric data, no such methods are available for the estimation of

leutral temperatures (except for incoherent scatter radars at Jicamarca and to some

7




1t Arecibo in the low latitude sector). In this section, the results pertaining
LUy )
w and equatorial latitudes that have been obtained by previous workers using

und-based Fabry Perot technique are briefly reviewed.

| Hernandez et al. [1975] reported the measurements from the equatorial station,
é'n;érca (11.95°5, 76.87°W, geographic; 1°N dip latitude), obtained by a pressure-
nned Fabry Perot Spectrometer on six xiights and he compared them with the
;péfatures inferred from the incoherent scatter radar. There was overall agreement
een the two but for a slight difference. His results supported the conclusions
arri\//’e:d’ at by earlier comparisons [Hays et al., 1970; Cogger et al., 1970]. Sipler et
.[1983] presented observations of winds and temperatures from Kwajalein Atoll,
farshall Islands (9.4°N, 167.5°E, geographic; 8.6°N dip latitude). The temperatures,
1 the average, were higher by 330 K than the MSIS model predictigns. Biondi and
“ejriwkether [1985] studied the response of the equatorial thermospheric temperatures
to various geomagnetic activity levels and solar flux changes. They had carried out
r’né,asurements from Arequipa (16.4°S, 71.5°W, geographic; 4.4°S dip latitude), Peru,
dUring 1983 and had compared the nocturnal variation of temperature with MSIS
InO'clel. On an average, during quiet times, the neutral temperature exceeded the
~ model values by 180 K. They had discussed the possible causes which could probably
;g‘ive rise to detection of such large temperatures, significantly higher (100 to 500 K)
t;han the predicted values and categorized such observations as ‘unexplained’. During
111icreasecl geomagnetic activity, rapid rise in temperature has been observed. The
failure of the semi-empirical models such as those of Jacchia and MSIS to predict
S,UCh fast response of the thermosphere to sudden changes in geomagnetic activity, is
| du€ to the fact that the models describe atmospheric conditions based on geomagnetic
and solar activity indices which are time-averaged over a longer period [Biondi and

Meriwet/z,cr, 1985; Biondi and Sipler, 1985].




As a part of the Brazil lonospheric Modification Experiment (BIME), Biondi
ipler [1985] carried out measurements of neutral temperature from Natal (5.9°3,
\):V;geogral)llic; 6.4°S dip latitude) for 15 nights durihg August—September, 1982.
h thé measured temperatures showed good agl'eelllexlt with the MSIS model in
arly part of the night, there has been a post-midnight increase of 250 K observed
n or;;éwnights, and this is substantially higher than those reported from satellite

measurements [Spencer et al., 1979). An important observation of Biondi and Sipler

] :1985] has been the significant vertical flows and the associated neutral temperature

rease in response to persistent convergence in the horizontal flow.

In contrast to the large temperature deviations from models observed by the
e workers, Sahai et al. [1992b] have reported observations which are in agreement
hthe MSIS-86 model predictions. They have reported Fabry Perot measurements
m Brazilian latitudes (23°S geographic) for equinoctial and winter seasons. They
‘e:claimed the midnight temperature increases seen in the average pattern to be the
les that are consistent with the midnight temperature maximum (MTM) observed
_in the satellite measurcments [S’pcﬁcer et al., 1979]. Though the equinoctial mean
temperature in their data did show an increase at midnight, the rise had been small

(~50 K) when compared to the standard deviation in their measurements (~ 150 K).

Hernandez [1982b] described the long term behaviour of the observed neutral
mperatures of the midlatitude thermosphere in terms of four parameters, namely,
he Fi07 radio flux, the A, index of geomagnetic activity, the annual and semi-annual
ariations. Having shown that most of the presently available empirical models do
not represent the observed response of the thermosphere to changiné; levels of solar

flux, he obtained a better fit to the observed data from midlatitudes (Fritz peak

YObServatory, 39.89°N, 105.5°W, geographic) after parameterization in terms of the

known variabilities. A fit with each of the empirical models revealed a correlation
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fﬁéient ranging from 0.81 to 0.86 while a description of the data in terms of these

rameters revealed a correlation. coefficient of 0.9.

In the following section, an attempt is made .to depict the variabilities of
eﬁt”r;ﬂ temperature with respect to chémges in the incoming solar radiation at a low
atlti‘lde station, Mt. Abu (24.6°N, 72.7°E, geographic; 20°N dip latitude). The first
tytﬁé’k’mpt to obtain neutral temperatures from Mt. Abu was made by Rajaraman [1982]
'hgich paved the way for a more systematic investigation presented in this dissertation.
earlier work was more of an exploratory nature, confining to a particular period of
solar activity, with a limited number of observations mostly confined to pre-midnight
hours The experimental set-up and method of analysis have been drastically changed
and completely redone during the course of the present investigation. The results
‘f’rom the observations carried out using the Fabfy Perot Spectrometer described in

Chapter 2, are presented below.

3.5 Neutral temperatures from low latitudes

The purpose of this chapter is to describe the response of thermospheric temper-
étures to changing levels of solar flux and several other geophysical processes that
'k ovccur near the equatorial region. The neutral temperature is a sensitive indicator of
_the interaction of the solar radiation with the thermosphere-ionosphere system and
_ therefore its variabilities need to be studied in detail. Though the empirical models
are based on a large body of data acquired by different techniques, they do not ex-
_ plain in detail, the observed behaviour of the trhermosphere event by event. As noted
in the earlier section, the models employ certain indices representative of solar flux
and the geomagnetic activity effects averaged over a long period. In this regard, it
15 useful to carry out individual case studies that may lead to the identification of

specific geophysical processes that are responsible for the observed variabilities.
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-\The central-aperture Fabry wPerot _Spectrometc—_&r is being operated from Mt. Abu
985 during the winter and equinoctial periods .(October to May), when the
yver Mt. Abu remains clear. The data base covers almost 3/4 of a solar cycle.
éolar minimum occurred dufing 'September—December 1986, while the maximum
itnetric solar flux (Fyo.7) of 359 was observed on 30 January, 1991 [World Data
‘k,‘ker A, Solar-Geophysical Data prompt reports, 1991].

A large number of measurements is available for the periods October 1986 to
rch 1987 and November 1990 to April 1991, the data being sparse and scattered for
her periods due to technical problems. During solar minimum, the airglow intensity

ecayed fast from its twilight value, occasionally recovering to some extent around

A total of 57 nights of observations is available for the period October 1986 to
March 1988 out of which 20 nights were selected with a good number of data points
fpi‘ the case studies. This being a solar minimum period, the intensity at a later time
depended on its twilight value which varied from day to day. For the years 1990-1 992,
the bulk of data comes from observations made in the months of February and April,
1991. The geomagnetic activity was low (Ap less than 20) on all the nights under
tudy. The number of nights selected for the present study during the peak of the
olar activity and during its minimum amounts to 41, with individual measurements
,,/,unning upto about 500. This may be a meagre amount when compared to a large
”a\\ta set (about 15000 measurements) utilized by Hernandez [1982Db] in his midlatitude

study, nevertheless it will be shown later that these measurements have played an

i‘important role in the understanding of the behaviour of the low latitude thermosphere-

1onosphere system.

Figs. 3.2a, 3.2b and 3.2c depict the variation of neutral temperature (7},)

~:"'k‘Arepresenting the months of October, November and December, 1986, and January
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March, 1987. Dashed lines joining circles represent the prediction of MSIS-86
'o"dél for the days depicted. Observations aré limited upto midnight, beyond which
‘6‘6300 A intensity was too low rendering it difficult to recover useful information
Oﬁl fhe observed fringes. On most of the nights, there is an enhancemént in temper-
iture seen after 2100 h Indian Standard Time (IST). On 23 October, the temperature
S bullt up to about 1250 K and a deviation of more than 000 K from the model
lue is evident. Since the intensity was decreasing slowly with time and as has been
h’(j\&ﬂ in the last chapter, the possibility of the line profiles getting distorted due to
] "’é,’showing up as enhanced temperatures, does not exist. On 25 and 26, October,
é;1;oc1el has overestimated the temperatures at least upto 2045 h. If we go through

variation depicted in Figs. 3.2a to 3.2¢ for different nights, it may be noticed that

measured temperatures are in excess as compared to the model predictions except
on occasions like for instance, during the month of December. It is interesting to

note that on 1 December, the aver age MSIS-86 model value is 756 K and the average
measured value is 712 K, the difference being only 44 K. Also on 2 and 25, December,
though the number of data points is less, the agreement with the model seems to

be good. A temperature bulge is clearly seen on 24 and 25, January 1987, centered

round 2100 and 2200 h respectively, the magnitude of the bulge being as large as

Figs. 3.3a and 3.3b show the variation of T, during February and April months
f1991 representmg high solar activity period. A close examination of them indicates

significant deviation of the measurements {rom the model predictions on most of

the occasions. The temperature deviations are larger in February months than in

,Aprll months. The enhancements are seen to occur during pre-midnight (5 and 7,

February), midnight (11 and 13, February) and both, showing some sort of a wavy

Structure (14 and 17, February) thus depicting high variability. On the other hand,

' ﬂle agreement with model has been fairly good on 9, 10 and 14, April. Wavy patterns
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e range of 4 to'5 hours) are seen on 11, 13 and 15, April.

Measurements of thermospheric temperature for the 41 n‘ights ol observations
1defed here are plotted in Fig. 3.4. The two groups éorrespond to the low solar
vity period of October 1986 to March 1987 and 'the high solar activity period of
ecember 1990 to April 1991. The scatter in the plot is slightly more during solar

imum than during solar minimum.

To see how good the neutral atmospheric model represents the overall be-
our of the thermospliere in order to improve the model représent the low and

atorial latitudes reasonably well, the measurements on each of the 41 nights are

eraged and are plotted in Fig. 3.5 along with model mean values. Though the
;reiEition coefficient is high of the order of 0.8 (implying that the model can explain
bout 65 % of variation in neutral temperature ascribing it only to changes in the
ncoming solar radiation), most of the mean values of observations are higher than
m‘ddel mean values. This observation agrees with the conclusions arrived at by earlier

"kokrkeyrs and indicates that there exist additional factors that need to be incorporated

Fig. 3.6 depicts the variation of mean nighttime temperatures both from mea-
'rements and model predictions, for the three per;ods considered. The average tem-
peratmes are computed by sorting out the measurements into different time slots,
each of 30 minute duration. The vertical bars mdlcate the night-to-night variation
in the mean temperature at each time. For the 1986-1987 plot (top panel), though
the evening mean temperature value was close to the model prediction, the mea-
""Sured temperatures do not show the fall observed in model variation. Instead the
“ t?’;emperanture fluctuated about a mean value of about 850 K while the model shows a

"'temperature drop of 100 K from the evening average value of 800 K.
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Fig. 3.5. Average thermospneric temperatures for each night of observations made
under the present study. The measured and the mode] average values are compared.
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The average temperatures for Feblju'ary 1991 (middle panel), are always higher
’odel values, the maximum being 150 K after midnight, while those during April
'i‘(‘bottom panel), followed the variation predicted by the model. The solar flux
ye)’gk"b‘ésed on 10.7 cm flux, i.e., Fyg7, had averagé values of about 190 and 240 for
'yyaj‘/s,in February and April resp‘ectively. Thus the average temperatures during
ﬁary are expected to be less than those duriﬁg April. However, the temperatures

g both the months fluctuated about 1120 K.

To éonélude, though the semi-empirical model MSIS-86, predicts thé average
nighttime temperature in response to the changing levels of the solar radiation
fairly well (Fig. 3.5), there are occasions on which the observed temperature
_ shows significant deviations from the model, which indicate possible contri-

 bution of other physical processes that occur in the nighttime thermosphere-

_ionosphere system.

3.6 Possible sources of additional energy inputs

rt from its response to solar radiation, the thermosphere-ionosphere system is
perturbed by various other sources like the ones listed below. The study of energetics
éS it pertains to low latitude and equatorial regions has taken shape only after identifi-
cation of some of these processes. However, since many of these processes can operate
imultaneously and their mutual interaction is largely unknown, it is not possible to

assoclate, say, any heating event as revealed by large rise in temperature, with any of

—

_'ese processes directly. Coordinated measurements from many locations are needed

tO delineate their physical significance and quantify their role in the overall energy -

;"b,Udget of the thermospliere-ionosphere system.
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e of the physical processes that are known to cause enhancements in neu-

erature are

1éatixig associated with the fluctuating electric fields of equatorial spread

irregularities

‘h 'eQuatorial temeprature and wind anomaly (ETWA) associated with equato-

nization anomaly (EIA)
dnight temperature maximum

ating associated with high latitude geomagnetic disturbances and associated

cl ’precipitation.

Since a detailed description of each of these processes ((1) to (3)) is given in
er 6; in this section, we state only their relevance to the energetics of the low
ude thermosphere. Since we do not have results for temperature measurements

uring a storm period, we shall not consider the effects of a magnetic storm.
(1) ESF associated heating

A strong association of electrostatic turbulence with spread F has been estab-
ished by an early work of Kelley [1972). The vertical drift velocities of the spread
irregularities were often observed to be three to four times greater than the drift
élocity of the normal undisturbed ionosphere. The main observed feature has been
he turbulent nature of the velocity pattern which gave rise to the view that the
eétrostatic turbulence and the spread [ are related [McClure and Woodman, 1972].
Bdlsley et al. [1972] have observed large spread F drift velocities (~ 400 m/s) using a
50 MHz coherent radar located over the dip equator, at Thumba, India. This implied
:,tllat spread [ is associated with a mechanism capable of producing a turbulent elec-

tricfield having rms values several times the magnitude of the normal dynamo electric
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undisturbed ionosphere [McClure and Woodman, 1972]. Cole [1974] made
view to suggest dissipation of these electric fields and possible subsequent
ng f the neutral atmosphere at F region heights. A brief account of his theory

ad F associated heating of the upper atmosphere follows.

By moving charged particles, an electric field does mechanical work which then
as heat due to collisions within the conducting medium (.joule’s law). The
frictional heating of species 1 due to collision with species 2 is

MMy

mq + my

Q2 = ny (v1 — vq)? vig ‘ (3.1)

e my, my and vy, vy are the masses and drift velocities of the gases 1 and 2
t’i,vgly. v12 1s the collision frequency of gas 1 with gas 2. From this expression,
comes clear that for an ion-neutral gas medium, neglecting the drift velocity of
'ti‘al:species, and since the drift velocity of the ions is proportional to the applied
ric held E, the corresponding heat input Q varies as E?. The amount of heat

earing in the ion gas due to the presence of an electric field can then be estimated.

heating rate of the ion gas is given by

1 EN?
Q= 5 mum (-§> v (3.2)

from equation 3.1)

Assuming that the energy loss of the ions is mainly due to the elastic col-
sions with neutrals responsible for frictional heating, a simple relationship can be
established between the temperature difference of ions and neutrals and their relative

:~V§}OCity. The rate of energy exchange (cooling rate) between the ion and the neutral

géées is given by
L = ""571;;,\':(:[} - _rpu) I (33)

Banks and Kockarts, 1973]




Equating the heat input to the heat loss (energy balance considerations) leads

gradient with height,

oT 1 .
an ATl/'Z/Q ah (35)

Rishbeth and Garriott, 1‘969]

eads to a rise in neutral temperature of about 1 K per km, which is significantly

igher than what has been arrived at by model atmospheres in use.

The above theory of Cole [1974] suggests that significant amount bof energy is
onsumed if the fluctuating electric fields and drift velocities associated with spread F
as reported by Balsley et al. [1972] exist. Spread F' associated ionospheric irregulari-
ﬁi’eé that are known to be magnetic field aligned, are often observed upto + 20° north
élld south of the magnetic equator, [Weber et al., 1983]. In such a case, the heating
may be inferred to occur all along the flux tubes in which spread F' occurs. Since

_ thejon-neutral collision frequency is much larger at lower altitudes in the maguetic

_ Conjugate regions, Cole expects a higher flux tube integrated heat input at the two

 farther ends of the flux tubes.



In the early work by Rajaraman et al. (1979] and Rajaraman [1982], using the
'pérature measurements from Mt. Abu, a statistical analysis of t‘he behaviour of the
fral temperatures was done and it was found‘tha't on 35 % of the occasions, they
é in excess of more than 50 K when compared to the Jacchia model predictions.‘
elérge increases in measured temperature were interpreted as possibly due to the
ua’"ﬁdrial spread F'associated heating. A height region of 250-300 km over M. Abu
ets connected magnetically to a height of about 700 km over the magnetic equator.
:spreacl I information over the magnetic equator has been made use of in their
dy Though a good correlation between the sple(md I occurtence over the magnetic
tor and the enhanced temperature over Mt. Abu has been observed, it is to be
d that on all the seven nights presented and discussed by them, spread F' did not
ur at Ahmedabad (two degrees south of Mt. Abu) as evidenced by the ionosonde
ce’;’teyd here. This is an important point to be noted, as according to Cole’s theory,
the presence of spread F irregularities and fluctuating electric fields are a must along

the flux tubes, for enhancing the neutral temperature.

This is further strengthened by the results obtained from the present work.
or the temperature measurements available for 17 nights in February and April
mbntlls of 1991 (out of which twelve were presented in the last section), spread F'
ver Ahmedabad occurred on only three nights (5 and 11, February and 12 April)
d temperature enhancements were indeed seen at these times. However, increases
n temperatule were seen on other nights also while spread F' did not occur. Similarly
during the years 1986-1987, on most of the nights, there is no indication for spread
F occurrence over Ahmedabad, and we do not have information about the occur-

renCe on remaining nights at this low latitude station due to paucity of simultaneous

lonospherlc data.



[n this regard, it is useful 10 look into the evolution of equatorial spread F ir-
rities. They occur at regions of steep electron density gradients associated with
ma depletion in the equatorial ionosphere, which is generated by a Rayleigh-
,or' instability mechanism. It has been established that, after sunset, the irreg-
rity regions develop from the bottom side of the ionosphere, and cause a plasma
deplétion or a plasma bubble which rises into region above the peak of the F, layer
ng up to well over 1000 km in altitude. Under the influence of magnetic field,
irregularities extend in latitude along the magnetic meridian and give rise to
cad [ echoes in the i»onograms when they reach the bottomside of the léw lati-
e ionospheric regions [Huang et al., 1987]. In the event of the irregularities not

ng generated locally over Ahmedabad/Mt. Abu, the occurrence of spread F in

,hls‘ region then depends on the intensity of development of spread F' (range or fre-

uency type) over the magnetic equator and the magnitude of the drift velocities of

e irregularities.

e Since on most of the occasions, simultaneous ionospheric - thermospheric data
when available, do not show simultaneous occurrence of spread F' both over
the equator and at Ahmedabad, the important conclusion that one arrives at
~is that the observed enhancement in neutral temperatures cannot be ascribed
to spread ' associated processes alone. Coordinated measurements of thermo-

spheric and ionospheric parameters from two or three stations in the equatorial

and low latitude zone are needed to provide conclusive evidence for the heating

associated with spread [ irregularities as proposed by Cole [1974].

(2) Equatorial temperature and wind anomaly (ETWA)

The ionosphere near the magnetic equator exhibits an anomaly in the ion-

IZéltlon distribution with magnetic latitude (equatorial ionization anomaly (EIA)).
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'ing daytime, the plasma drifts are upvard over the equator from where they dif-

along the geomagnetic field lines analogous to a plasma fountain, to latitudes

s from the equator. This leads to formation of enhanced plasma densities at lati-

es ~ & 16° north and south of the dip equator. The plasma drifts turn downward

ring the night and a reverse plasma fountain takes place when the crests of ionjza-

jon move back towards the equator. The flow of air past an anomaly in ion density

d the resulting circulation have been first described by Dickinson et al. [1971]. The

eof a “dense region of ionization is to limit the speed of neutral air flow through

r1ct10na1 interaction (ion-drag). Thus a zonal wind gets impeded in its flow past an

nhanced ion density. The wind driven by the global scale differences in pressure,

cts as a carrier of energy which is to be distributed everywhere in order to reduce
he differences in temperature and hence pressure. When the jon-drag is operative

the region of ionization anomaly, the wind dissipates its momentum and energy at

e locations [Anderson and Roble, 1974]. The temperature builds up in this region

ccompanled by increases in neutral density [Hedin and Mayr, 1973]. The EIA, as

expected gives rise to anomalies in neutral temperature and zonal winds.

Raghavarao et al. [1991] have reported this anomaly (ETWA) using the simul-

 taneously obtained neutral atmospheric and ionospheric data from the DE 2 satellite.

 Recently, an evidence for the presence of vertical winds of significant magnitude in
) p g

the equatorial thermosphere have also been shown by Raghavamo et al. [1993]. They

haVe also shown the existence of pressure ridges which are collocated with temper-

~ature crests. A new wind system has been proposed by them with rising motion at

the location of the crests and sinking motion near the magnetic equator.

Fig. 3.7 depicts the DE 2 measurements of electron density, neutral temper-

ature and zonal wind as reported by Raghavarao et al. [1991]. The enhancements

M neutral temperature to the tune of a few hundred degrees are very well collocated
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DE-2 (Orbit 7153, Day 82324)
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Fig. 3.7. The equatorial anomaly observed in neutral temperature and zonal winds
'(ET.WA) shown for comparison with the anomaly in electron density (equatorial jon-
~1zation anomaly) based on the DE 2 satellite mission. (after Raghavarao et al., 1991)
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e crests of equatorial ionization anomaly. The expected variation in zonal

1k"r\1’1’agnitu_de with dip latitude is also seen.’

With the observational evidence for temperature build-up at the location of
e crésts of EIA having been shown, we look into this mechanism as a possible source
,"t‘éinperature increases observed from Mt. Abu. It is to be noted that this possible
urc’eﬂ has relevance only during solar maximum period. A renewal of fountain effect
,’u‘e‘ to prereversal enhancement of the electric field in the evening hours over the
,qg’ﬁtkor, strengthens the anomaly crest and the reverse fountain prolongs well beyond
1dnight hours during solar maximum whereas during solar minimum period, the
everse fountain starts in the evening hours and the crests of jonization disappear

\r,‘m;'dnight [Sastri, \131990]. We expect that the ETWA would not be significantly

ffected during solar minimum.

, ::k-:,”’The results presented in last section showed that though the average nighttime
temperature is fairly well correlated with changes in solar flux, on certain oc-
casions, the thermospheric temperatures do not respond to such changes. The
measured temperatures in the month of February, 1991, are higher (average of
~ 150 K) than the MSIS-86 model predictions while the agreement has been
fairly good for the measurements during April, 1991. Thisl indicates a source
of energy during the February months which becomes less significant during
April months. It is suggested here that localized processes like EIA associated
processes, i.e., the ETWA, might play a role in causing enhancements in neutral

temperatures in excess of model predictions.

(3) Midnight temperature maximum

Using the NATE (neutral atmosphere temperature experiment) instrument on

AE-E satellite, Spencer et al. [1979] have obtained direct in sity measurements of the
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}
f‘variation of exospheric temperature. They have observed that in the equato-

on, the diurnal temperatuxe variation exhibits ;nonounced secondary maxima

out midnight, sometimes larger than the primary maxima in the afternoon hours.

ssociation with these maxima in temperature, a large poleward wind (~ 100 m/s)

yeen observed which is superposed over the nighttime equatorward component

he meridional wind. "A careful analysis of the nature of the wind system reveals

at winds converge towards the equator during pre-midnight hours and diverge af-

ardS. The convergence and the assoma,tcd pressure build-up would result in the

abatxc heatmg and a consequent temperature rise [Harper, 1973; Spencer et al.,

9] Mayr et al. [1979] attributed this feature to a complex interaction between

emi-diurnal tide generated in the lower atmosphere and ion-neutral momentum

uphng associated with the diurnal variation of the jop density, which in turn also

enerates higher order tidal modes.

It is difficult to infer the latitudinal extent of the midnight temperature max-

mum from the AE-E satellite measurements. The AE-E satellite was flown near

‘,the eqatorial region during solar maximum period, with an orbit inclination of 19°.

‘lthln the latitudinal belt of 19° north and south of the equator, the temperature

maxima have been observed. These obser vations reveal no apparent dependence on

Iongltude or the local magnetic field and this feature is present about one-half the

ime of the total measurements.

From the observations within a zone where equatorial ionjzation anomaly has

its influence, like for instance, from Mt. Abu and Al

imedabad, it is not possible to
decipher the feature

associated with midnight temperature maximum. Before the

 direct measurements from AE-E data were available, increases in temperature near

Midnight have been predicted by the OGO 6 model atmosphere [Hedin et al, 1974]

_and thege were also inferred from the measurements of Jicamarc

a radar [Hernandez
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:’ k'~'1973]_ Anderson and Roble [1974] have attempted to invoke the neutral at-
,‘sp'heric response to the changing ion densities at ‘a particular height due to the
« B drifts, in order to explain the observed temperature rise near midnight. The
er;"xction mechanism was similar to what has been proposed earlier by Dickinson
[1971]. The rapid uplift of ionization due to the pre-reversal enhancement in
trlc field in the evening hours offers a reduced ion-drag near the equator. The
t’i”ng\ renewed fountain effect pumps the ionization to locations away from the
ylat'(;; where the ion-drag starts showing its effect of impeding the zonal winds.
,ke',“deposition of momentum and energy by the zonal winds could give rise to a
emperature increase at these locations similar to the one observed by Raghavarao et

[1991] using the DE 2 measurements.

With the two different mechanisms incorporated to explain the temperature
increase observed near midnight sector of equatorial region (though both are
based on ion density variations), coordinated ground based measurements from

at least two stations are needed to quantify the relative role played by them in

_ governing thermospheric dynamics and energetics.
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?low latitudes

Introduction

o§qtion of peak electron density well above the peak of ion production was
enigma to the jonospheric physicists in the late 1940’s and 1950’s. Whereas the
,er‘ regions (£ and Fy) conform closely to the Chapman’s theory of layer formation,
;e" ionization distribution in the F, region differs considerably from the expected
Orphology It was recognized by then that the behaviour of the F; layer is complex
and lnexphcable n terms of solar ionizing radiation and chemical recombination alone.
It was Mitra [1946] who first realized the importance of motions of plasma along

he

e magnetic field lines at heights where the plasma-neutral collision frequencies are

ot

all, and hence the geomagnetic control of ions and electrous in the F, region of
¢ ionosphere. Martyn [1956] showed that, under the forces of gravity and of its
WI partial pressure gradient, diffusion of ionization along the magnetic field lines
ﬁ?tlle vertical direction would considerably affect the shape and height of the F,
egioxl. Further, he demonstrated that the ionospheric layer with any initial height

dlStIlbutxon of electron density, would approach the Chapman form. He was the
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to realise that the morphology of the F, layer might be explained with the

sion of electradvnamic drifts of ionospheric plasma. Duncan [1956] extended the

Jusions reached by Martyn and showed that a uniform vertical drift would alter

quilibrium height of the F} layer.
With the plasma diffusion in the upper atmosphere becoming important, Shi-
k [1957] derived expressions for the contribution of diffusion to overall motion of

"'layer plasma. Yonezawa [1958] solved the relevant equations for a particular model

os‘phere to arrive at appropriate analytic functions which revealed the formation
he F} peak by the action of diffusion. Following this, Rishbeth and Barron [1960] in
mportant work, arrived at general relationships between the parameters, namely,

diffusion and recombination rates, which determine the position and magnitude

he F, peak for equilibrium conditions. They showed that above the peak electron

nsity, ie., N, F,, diffusive equilibrium gets established in a time of order 1/d(z)

re d(z) = D(z)/H?, D(z) being the diffusion coefficient at the leve] z and H the
ale height of the ionizable gas. At the peak,

g of the order 1/d,, (=1/Bw).

the time taken for equilibrium is slower,

~ Briggs and Rishbeth [1961] obtained an analogue solution to the continuity

uatlon for F'region electron density by considering an equivalent electrlcal network

h a series of condensers and resistors. The charge on a condenser represented

electron density at a certain height, and the value of a resistor which provided a

et

D for the leakage of this charge, represented the loss and diffusion coefficients. The

tinuity equation was first transformed into a type similar to that for the voltage on

h condenser. Operation of the electric circuit with the mclusion of a potentiometer

fesenting the diurnally varying ionizing solar radiation, yielded useful outputs

fiich were analogous to the actual ionospheric behaviour. The advantage of analogue

: hOd was that any desired height variation of temperature, loss coefficient, etc.,
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be incorporated with ease. Tt further demonstrated the validity of the concepts
e F regfon which were originally developed for more restricted models. In
ff‘tixé dx'ifts due to electromagnetic forces and the diurnal temperature variation
,"aﬁmosl)llere not being taken into account, this analogue method showed how
egion would behave if controlled by the three basic processes of production, loss
ffusion [Rishbeth, 1963]. By developing a time-varying model, Rishbeth [1964]
ed the processes governing the behaviour of the F layer. However, because

€

complexity of the problem, it had been difficult to develop a basic theory to

ount for the major features of the F layer.

/

kOne of the intriguing features of the Flayer is the large variabilities it exhibits
t;js"v"e'rtical motion. It was recognized by Martyn [1956] that the processes respon-
é for the vertical motion of the F, layer are the drifts imposed by electrodynamic
es and the winds assoclated with the ionospheric electric current systems which
ménifested as the daily magnetic variations at the ground. The effects of atmo-
erié heating, and the temperature dependence of reaction rate and the diffusion
‘efﬁcients, on the equilibrium height distribution of electron density were estimated
 Garriott and Rishbeth [1963]. The interest in the wind systems set up by the diur-
nal heating and cooling of the thermosphere had begun when they were shown to have
Si’gniﬁcaxlt speeds of the order of 100 m/s to be effective at Fregion heights [King and
Kohl, 1965; Geisler, 1966]. These winds were invoked to explain the large vertical
displacements the 3 layer showed at midlatitudes, as they are capable of driving
Flle plasma along the geomagnetic lines of force thereby altering the plasma density
idistribution. Rishbeth [1967] developed an approximate method to compute the the-
'70’r'e‘tical diurnal variation of the peak electron density in the midlatitude ionosphere.

Observing that external forces such as winds perturb the equilibrium distribution, the

By layer was envisaged as behaving like a servo mechanism. The effect of winds on

both ‘day equilibrium layer’ and ‘night stationary layer’ was investigated by him. It
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ame clear from his studies that the day-to-night changes of the height of the peak

tron denéity, ha Iy, at midlatithdes, are caused largely by the action of winds on

The servo model of Rishbeth et al. [1978] prkovides a means of investigating
: asic interactive nature of the thermosphere-ionosphere system. With reasonable
imptions, it offers possibilities of examining the behaviour of the F, peak, given
information on thermospheric parameters and the Iy layer peak height. The
ta;tions of the servo model as pointed out by Rishbeth et al. [1978], are its limited
Ql/i:lt;a.CY and the fact that it treats the F, layer as a unit, and therefore can give
information about height variations within the layer. In spite of this limitation,
éi_ser,vo model is being adopted by various workers to understand and determine

he nature and magnitude of the driving forces on the midlatitude F region and

- variabilities associated with them [Yagi and Dyson, 1985; Miller et al., 1986;

,Qn’s;ﬁto et al., 1989; Forbes and Roble, 1990).

It 1s to be noted that the behaviour of the thermosphere-ionosphere system as

Servo system at a particular location on the globe needs a large magnetic dip angle

”yorder to aid the diffusion of jonization along the magnetic field lines in the vertical
irection. In a region where the magnetic dip is /, the vertical velocity is reduced
rom a value for the case / = 90°) by sin?/. It was the fact that the vertical diffusion
gets inhibited over the magnetic equator that allowed earlier workers such as Martyn

[1956]

to confirm the importance of diffusion at midlatitudes. Martyn [1956] showed
that the absence of vertical diffusion at the equator is responsible for the ohserved
?ge variations in the F region height, and the same diffusion would prevent the F,
_glon from being elevated above about 400 km ; In moderate to high latitudes and

even this he]glq should seldom be attained. With the absence of vertical diffusion

at the magnetic equator, electrodynamical processes control the /' region and its
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At low latitudes, where the dip ahgle is non-zero, it is not known whether
) ayéf behaves as expected by the servo model. Therefore it became necessary
vestigate the basic processes of low latitude thermosphere-ionosphere system,
hich close the cycle of interactions illustrated in Chapter 1. The behaviour of the
"::,l.atitude region is complicated by large scale processes such as equatorial ionization
“marly“[Moﬁett, 1969], neutral density anomaly [Hedin and Mayr, 1973], equatorial
‘el;ature and wind anomaly [Raghavarao et al., 1991], equatorial spread F [Fejer
‘elley, 1980] and midnight temperature maximum [Spencer et al., 1979], whose

he energetics and dynamics of the upper atmosphere is largely unknown.

“The present investigation was initiated in order to understand the basic in-
tion mechanisms which play a significant role in the wake of the presence of
h large scale processes. In doing so, coordinated measurements of thermospheric
arameters, namely, neutral temperature and meridional winds, and ionospheric pa-
ameters, namely, the F layer peak height, deduced from the existing ground-based
onosonde, during nighttime, are made use of, along with the servo model concept
oposed by Rishbeth as a tool. Rishbeth [1986] in his paper on the F, layer continu-
equation has discussed the possible ways of altering the loss coefficient 8 and also
contributions of various other parameters to the transport term. As suggested
him, it becomes easier and rewarding to interpret the F, layer processes by means

a term-by-term examination of the continuity equation. In the following section,

the significance of the transport parameter in the overall behaviour of the Fy layer is
dlScussed by means of the continuity equation. This is followed by a brief description
".Of the principles underlying the servo model lea ading to the discussion on ‘night sta-
k t§0nary layer’. The results providing the first experimental evidence for the validity of

Servo model at, low latitudes is presented next. The effects of neutral temperatures on
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he F layer height are determined quantitatively. A new method is being adopted to
iﬁmte the F'layer peak height i.e., /., Fy, with the available data on winds and tem-
,\\t\ures. The estimated heights are compared with observed heights deduced from
ground-based ionograms and the factors, namely, electric ﬁeldg, which contribute to

the deviations between the observed and the estimated heights are determined.

4.2 The F; layer continuity equation
h,ke effects of transport processes on the electron density N at any height become

_\{idént through the continuity equation for the F, layer which is given by

ON
o = q— L(N)—div(Nv) (4.1)
I'efe ¢ is the rate of production of plasma, L the rate of loss which takes the linear

orm AN in the F, layer and.v the drift velocity of the electrons whose divergence

epresents the transport of ionization.

The importance of each of the terms in (4.1) is well documented in the lit-
fature [Rishbeth and Garriott, 1969; Rishbeth, 1986]. Below the peak of electron
"d’ensity and during the day, photochemical equilibrium prevails, with ¢ ~ AN. Above
fthe peak, where the production of ionization becomes unimportant, the transport
term dominates and governs the dynamics of the F, layer. During most of the day,
vth\e Fy peak is in a state of quasi-equilibrium in which the production, loss and trans-
port terms are comparable in magnitude and are much larger than ON/0Ot. This state
iS‘established within a time of the order of 1/ (~ 1.5 h by day). During night-
time, when the average life time of the plasma becomes larger (thrice during solar
IknilXimum period) than that during daytime, the layer could be perturbed easily and
therefore the term ON/ 0t becomes significant. This typically happens during sunrise

_and sunset times and during when plasma irregularities are generated over short time
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all spatial scales.
The important contributions to the transport term are as follows.

1e plasma diffusion velocity, in the absence of thermal diffusion, is given by

. 1N 10T /L 9
—vp = D(h) N ok + = T + sin®/ | (4.2)

'aédki, 1957; Rishbeth and Barron, 1960]

~'~fD(h) denotes the ambipolar diffusion coefficient at a height &, T the tempera-
H the scale height of the ionizable gas and u the ratio of mean molecular weights

hg‘plasma and the ionized gas which takes the value 1/2, if the two are chemically

The diffusion velocity can also be derived with a simple physical reasoning as
as done by Martyn [1956]. If a particle of mass m, making an average of v collisions
second with the surrounding gas, is influenced by a force Fy it will drift through
ga,s with the velocity v = F/muwu. The vertical gravitational force on an ion pair
~m;g. In the presence of a pressure gradient, the vertical force per unit volume on

thé:ioynization is —0(pi + pe)/Oh, where p; = p. = NKT, K bemg the Boltzmann’s
Onstant Thus this force is ~2KTON/NOh per ion pair.

The transport velocity due to gravity and pressure gradient is therefore

m;g;  2KT ON
miv;  Nmyw, Oh

vp =

W, - 2HON
N Oh

Vi

O lonization transport along the magnetic field lines with a dip angle I, this becomes

Vi

g, L 2HON| .,
= — | sin?J .
vp [1 + T (4.3)
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and (4.3) are equivalent if D takes the form 2gH/v; and the gradient of tem-

ve = (UB)B/B* = U sin [ cos | (4.5)

At latitudes away from the equator, an equatorward wind can push the plasma
pwérd and a poleward wind can bring it down. By moving the layer vertically, the
ind thus alters the balance between the production and loss, increasing N,, F, if it

equatorward and decreasing N, F; if it is poleward.

(ii) The electromagnetic forces in the presence of an electric field E and the magnetic

field B produce an E x B drift, given by the well known formula

ExB

This can be derived by considering the equation of motion of a charged particle under

he influence of electric and magnetic fields [Chen, 1974]:

l
mev — ¢[E+v x B]
dt

m dv/dt represents the circular motion of frequency w, (= qB/m). Omitting this

term, the above equation becomes




kmg;the cross product with B,

ExB = Bx(vxB) = vB*-B (v.B)
The transverse components (perpendicular to B) of this equation are v, =
E x B/B% vg is the electromagnetic drift of the charged particle and is

endent of its charge and mass. Thus ions and electrons in the F region of the

sphere drift together in the presence of electric and magnetic fields, producing
o net current. The collisions of neutrals with ions namely, the ion-drag, reduce the

ft term by a small magnitude.

v) The effects of thermal expansion and contraction of the atmosphere on the elec-
on density profile in the F, layer were first discussed by Garriott and Rishbeth

963]. It was shown by them that, if the electron density profile is expressed in

terms of reduced height 2, rather than the real height A, the temperature dependence

of the diffusion and the recombination coefficients can be accounted for. The reduced

ight 2 then corresponds to a fixed pressure level. Changes in temperature lead to

nges in the height of the pressure levels. The plasma takes part in the thermal
Xpansion and contraction. The continuity equation can be solved in terms of fixed "
pressure levels thereby properly accounting for the temperature dependence of the

oefficients D and 8 [Rishbeth, 1986].
Returning to the continuity equation, an expansion of the transport term leads
to |

JIN

e BN —Ndivv — v .grad N (4.7)

In the F' region, the divergence of velocity is often small. The last term

(

ent across the point of observation. For upward drifts, this term leads to an increase

vIN/Hh) on the right hand side represents the effect of moving a density gradi-
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"n"the. topside (ON/0h is negative) and a decrease on the bottomside (ON/dh is
tive) and vice versa. The result of the action of an imposed vertical drift is thus »
1iloti011 of the whole [?layer with velocity v,. Since ¢ énd p vary with height, the
nsity distribution in the translated layer at and l)élovv the peak, then adjusts itself
,1'thyyiyn a time of the order of 1/f to the altered values. Above the peak, the redistri-
txon of ionization ovccurs at the rate of diffusion. For small displacements, the peak
thon density (given by ¢m/Pm) remains unaltered. To have a significant effect, a
ft_ha.s to move the plasma through a vertical distance (say one scale height) within

ertime, which in tul"n, requires the drift velocity v, ~ fH. -

Fig. 4.1 shows the equilibrium behaviour of the [ region following the iono-
’ c model for Arecibo (I = 50°) developed by Walker and his colleagues [ Walker,
8]. When the F layer is displaced upward by forcings such as winds and electric
1ds, the downward diffusion increases and opposes further upward motion of the
ayer. For downward drifts, increased recombination rate opposes further lowering
of the layer-maximum. Under equilibrium conditions, the imposed vertical drift is
lanced by diffusion if the layer is displaced upward and by recombination if the
yer'is displaced downward. This is illustrated by the top panel. The bottom panel

)i ows how the equilibrium height of the £, peak responds to the imposed vertical

ift.

~In what follows, the servo equation for the behaviour of the F, peak in the

bksence of applied drifts, is derived from the first principles using the continuity
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Fig. 4.1. Response of the F region to changes in imposed vertical drift. The top
panel illustrates the roles played by chemical recombination and plasma diffusion in
altering the equilibrium height of the F; peak. The equilibrium height is depicted in
the bottom panel. (after Walker, 1988)
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3 The night stationary layer (Rishbeth’s servo
~ model)

F, layer behaves like a servo system obeying the following laws [Rishbeth, 1967;
sthbeth et al., 1978]:

In the absence of applied vertical drift, the [, peak lies at a balance height

ermined by diffusion and loss.

Vertical drift due to changes in neutral temperature, meridional winds or electric

elds, displaces the equilibrium position of the peak to a new level, which is time-

arying if the drift is time-varying.

c) At any instant, the actual height of the peak approaches its equilibrium value at

rate determined by diffusion and loss.

d) The rate of change of peak electron density is determined by local values of the

roduction rate and loss coefficient.

Expressing the electron density profile in terms of the reduced height z the

continuity equation (4.1) is rewritten as

ON 1 0

where H is the scale height of the ionizable gas related to z by

hdh
ho H{R)

A ==

where hg is the balance height in the absence of applied drifts. The suffix 'm’ is used

to represent the quantities at the level of the peak electron density Ny, Fy. v, in (4.8)

Tepresents the vertical plasma velocity. In the continuity equation, the contribution

to the transport term is assumed to arise largely in the vertical direction.
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t;egratin‘g (4.8) from z = 2, to z = oo,

. : 8 o) o ; .
5 vz = i IR ]

he relative vertical velocity of the plasma and the peak is (Ve — Hdzy/dt). The
e equation then becomes
o g [ dz,
g e = H [T e = 0k Ny (v, — 0 (4.9)

« corresponds to the plasma flux flowing outward along the magnetic field lines at
he top of the ionosphére. This outward flux is iﬁsigniﬁcant ovér low and equatorial
’t’i'tku'des. However, redistribution of F region plasma due to processes like the equato-
i | ionization anomaly and transport due to transequatorial winds would contribute

ighiﬁcantly to $o.

The following assumptions are made in order to arrive at an expression for the

e of change of layer height, dz,/dt, i.e., the servo equation:

The topside of the F layer maintains a constant shape. If a is the layer shape
f@ctor, then the integrated ion content is aHN,,. The equilibrium distribution of the
F, region takes a Chapman form for which ¢ = 2.82. Indeed it was shown by Duncan

1956] that a Chapman layer irrespective of its height, maintains a constant shape.

‘li) The F, peak is well above the peak of ion production so that ¢ o e™*

iii) The dominant ion is O* and decays by reacting with neutral N,, for which
B o« e* where k (=1.75) is the ratio of the scale heights of the molecular gas

Participating in the charge exchange reaction, i.e., Ny and the ionizable gas, i.e., O.

The validity of these assumptions, when it comes to the expected behaviour

of the p layer in accordance with the ‘servo’ concept, is discussed later.
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)k’"th‘en becomes

1 m . / : Zm
ikt = ([m]J —a IBmIVm}I - (I)oo + Nm(vz —-H d
dt " dt

al ) (4.10)

k . 1.75, the constant o’ which comes from the height integral of B, /N can be

v = W o= Losin?f = W~ —?—7 sin® | (4.11)

; Vin I
Dstituting in (4.10) and dividing by N, A,

dzm  qm— Poo/H a dNy P D,,sin® I w

dt N, Ne d& %k = "oz T EH (4.12)

ow the total derivative of N, with time is

dNw _ (ON 9Nz
a ~ o Tz

Uy, 8Mn Nm 8'02

H 9z H . 0z

Jn — ﬁmNm (413)

fThe term corresponding to dN,,/dz vanishes at the peak.

Including the flux @, uniformly distributed over the ‘equivalent thickness’ aH,
of the layer and combining the effects of diffusion and the transport processes at the

peak by introducing a constant ¢, (4.13) becomes
(3

AN,
'—d__'t"- = m — (//——}mNm "" m (414)
The constant ¢ has been estimated to be 1.6 by Rishbeth [1967] from idealized

solutions of the full diffusion equation. He has ignored the effect of vertical drifts on
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Combining this expression with (4.12),

© dzp, Gm kac — 1 D,sin?] %54
om0 ST, - SmS 4.15
dt (1 =a) A o T g (4.15)
During nighttime, ¢,, = 0, and in the absence of the applied vertical drift W,
for equilibrium conditions dz,,/dt = 0, (4.15) reduces to
kDgsin®1
= 4.16
g 2H?*(kac—1) (4.16)
if 2y, is measured from this level, the servo equation is
dzm DmS 1 112 I kz W
= T —etm - 1
dt 2H? [e ¢ ] + H (4.17)

ein the exponential variation of 8 and D with height are made use of.

_ Further, the whole ionospheric layer, during nighttime, decays with an effective

oss coefficient f, at the F, peak given by

N, = N, e P!

Wiﬁl} gm = 0, it decays continually unless maintained by a downward flux of ioniza-
on. However, if the height of the F layer is altered due to external forces, it would
ave a significant influence on the rate of decay. Fig. 4.2a shows typical variations of
éak electron density after sunset, in the pre-midunight hours on 23 and 24 October,
986, at a low latitude station, Ahmedabad. Fig. 4.2b shows the plot of loge(Nyax)
iWith time for the two days. The slope of the curves yields A, the recombination co-
efficient, which turns out to be ~ 2.0 x 10~ -1 during the pre-midnight hours. On

23 October, the layer was pushed upward to higher heights after 2100 h (probably

_ due to increase in neutral temperature as can be seen in Section 4.5) and the decay
turned out to be very slow. On the next day, i.e., 24 October, the effect which caused

the upward motion of the F' layer occurred at a later time after 2230 h, after Ny
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Figs. 4.2a.b. Temporal variation of the peak electron density, Nyay, and loge(Nmax)
 over Ahmedabad for the two nights of October 1986. The top panel depicts the decay
of peak electron density with time. A measure of B (~2 x 1074s™") is obtained from
the slope of the best fit line shown in the bottom panel.
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ned low values (~ 1.6 X 10% cm™3). From these examples, it becomes clear that
low latitude station, in the absex')ce of %Llly sources of ionization, i.e., during night-
"'e:,'the external forces can move the layer to very large heights thereby decreasing 3
help to sustain the layer without further decay. Indeed it was shown by Hanson
’ Patterson [1964] that if the peak height is raised by vertical drift, the net
t is to decrease the rate of decay of the layer. They suggested that this appeared
e an attractive alternative for the maintenance of the midlatitude F' region at

ght rather than the protonosphere providing a supply of lonization.

The F; peak would be formed at a level where equation (4.16) holds. Local
anges in neutral temperature cause changes in-the neutral composition, which in
n would alter the height where the peak ionization density of the F, layer occurs.
he contribution from the neutral temperature in inducing changes in the height of
,t,h‘fe,,,;Fz peak can be estimated by studying the response of the latter to the changes
in the former. Since 8 and D vary with height, the expression (4.16) can be used for
termining the layer height directly. The other method would be to use an iteration
tcéhnique to find the height where the balance occurs. An initial height, say, 200 km
1s ‘zyxyssumed to begin with, and the servo expression is worked out for this height to
determine the deviation between the terms corresponding to # and D. The height
is incremented in steps of 1 km and this procedure is repeated fill the deviation is
minimized and the solution converges towards the height where the balance occurs.
/We have used both the methods to determine the balance height and examined the
,éffécts of changes in neutral temperature on the peak level. The following values are

’adopted to solve (4.16) for hs, the ‘night stationary height’ of the F; peak.
B = 107" [Ny] (s™")

k(hy — 200)

T ] (111_3)

[Ny] = 3.22 x 10" exp[—
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hs — 200). -

[0] = 4.07 x 10" exp[-—( 7 ] (m™%)
D = 291 (m? s71)
1%
T 1/2 .
v = 7.3 x <°10—06> [O] (.S )

beth et al., 1978; Banks and Kockarts, 1000 K Thermopause model, 1973; Dal-
0, 1964].

A useful approximation for the scale height H in F region is Hpy ~ 0.937' /M
beth and Edwards, 1989], where M is the mean molecular mass, and Hj is

ssed in kilometres.
Substituting these values in (4.16), and solving for A,

=200 x 10° + 2123 T, [1.5 In T, — In sin?f — 4.85] (m) (4.18)

Fig. 4.3 shows the dependence of the [ layer displacement Ahs with dip angle
,,3,én~tl1e exospheric temperature varies from 700 K to 800 K (for solar minimum
:ditions). From this figure, it is evident that at very low latitudes, the vertical
1 placements are expected to be significant for 100 K change in T,. To examine the
ervo’ nature of the thermosphere-ionosphere system at low and equatorial latitudes,

theoretical simulation was done and the results are presented below.

’ Figs. 4.4a to 4.4d show the effect of temperature on the equilibrium height of
e F'layer at four different latitudes (dip angles of 68°, 33°, 11° and 5° respectively).
@Ch set of curves depicts the balance of diffusion and recombination terms (equation
16) with temperature being varied from 600 K to 1400 K. These sets of curves are

generated with the MSIS-86 model yielding densities of Ny, O, and O, which are then

119




Tl = 700 K; T2 = 800 K

W
O
|

Layer dispiucement per 100 K. (km)
S
I

@]
—

60 80

O
N
©)]
N
O

Fig. 4.3. Response of the F region to changes in thermospheric temperature at various
 dip angles. The sin? I dependence of the layer displacement, Ah,, is brought out here.
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Figs. 4.4a,b. Sets of diffusion and recombination curves for various thermospheric
temperatures depicted for dip angles of 68° (top panel) and 33° (bottom panel). The
balance height of the F, peak occurs at a level where plasma diffusion and chemical

_ Tecombination are of equal importance. Each set of curves correspond to the balance
terms of the servo expression (4.16).
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FigS- 4.4c,d. Same as Figs. 4.4a,b but for dip angles, 11° (top panel) and 5° (bottom
panel).
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méde use of in the computation of 3, and D,,, as given below.

P = 107170, + 4 x 10719N,] (s7) (4.19)
R(Ti + T.) 2,1
Dp = 4.2
™ 7 16[0]K; + 28/<5[Ny] (s~ (4.20)

shere K1 = 0.93 (7,,/1000)%37 x 10~16 m3s~1 and Ky=3.9% 107" m%~" [Rishbeth
J’Edward‘s, 1989]. Ris the gas constant and T} and T, are the ion and electron tem-

ures, which are assumed to be equal to T, during nighttime. Each of the selected
mperatures is fed as Ty, the exospheric temperature; into the MSIS-86 model. The

titudinal dependence of the neutral densities in the model js not considered in this

Figs. 4.4a to 4.4d show the decreasing importance of diffusion with decreasing
magnetxc dip angle. The diffusion curves expand out and the balance level occurs at
ligher and higher height as the magnetic equator is approached. The important point
tb be noted is that, at low latitudes, the displacement of the layer for a given change
n neutral temperature, is inversely prbportiunal to the dip angle, the magnitude
ing largest near the dip equator. The sharp rise in the curve of Fig. 4.3 at very

ow latitudes (the layer displacement for 100 K change in T, is' ~ 25 km at a dip

ngle of 5°) is interpreted to be due to the decreasing influence of plasma diffusion as

the geomagnetic field lines become more and more horizontal, which implies reduced
ﬂOPPOSltlon on the vertical motion of the layer effected by other applied forcings. This
’:13' expected since the / layer response varies as sin®/ with dip angle /. This raises a
basic question on the validity of servo model at low and equatorial latitudes. In this

tegard, the assumptions made while deriving the ‘servo’ expression (4.16), need to be

looked into and the validity checked.

In deriving the servo equation (4.17), the shape of the topside of the F, layer
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ssumed to remain the same. Harper [1979] in his paper on the effect of semi-
ufﬁal tides on the F' layer over Arecibo, found significant changes in the topside
i-thickness. Such changes in the layer shape will affect plasma diffusion near the
k (through the term 0*N/0h* in the diffusion equation) and this influences the
ight of the Fy peak [Ganguly et al., 1980]. Large drifts at very low latitudes due to
p’:érature effects seen in the form of layer movements in Fig. 4.3, could as well give
e to changes in layer shape and hence (4.16) might not represent the actual balance
ight. At very low latitudes, electrodynamic effects are rather important. and the
rée excursion of I layer observed in the vertical direction is mainly due to the
1ft associated with electric fields in the equatorial region as was originally shown by
Mqriyn [1956]. A detailed study is thus desirable to determine upto what extent the

cts of neutral temperature compete with those associated with electrodynamics

and near the magnetic equator.

Another aspect which has not been vdiscussed yet is the dependence of Ah,
on T,,. Equation (4.18) was derived using the density values at a fixed lower bound-
ary (200 km), from the 1000 K thermopause model of Banks and Kockarts [1973].
‘hough the model enabled us to express Ak, in terms of T,, the effects of changes
n composition associated with the solar activity level, diurnal variation of tempera-
ure, etc., are not explicit. Equation (4.18) shows a linear relationship between Ah,
nd 7. However, the simulatic.m study suggests that the recombination curves be-
_ Come narrower at higher temperatures and the displacements are smaller, for identical

olar-geophysical conditions.

It follows from this simple theoretical simulation of the ‘night stationary bal-
nce height’ at different latitudes that, the region where the servo model is expected
to be applicable may well be upto ~ 20° dip angle (~ 10° dip latitude) below which

,’the physical picture becomes complicated. The coordinated experiments, the results

124




h form a part of the present study, provide confirmation to the applicability of
ervo principles to the latitudes of Mt. Abu (24.6°N, 72.7°FE geographic; 20.3°N
atitude) and Ahmedabad (23°N, 72.1°E geographic; 18.4°N dip latitude) and
se would be discussed in later sections. As a backdrop to the present study, some

the relevant results from midlatitudes obtained by earlier workers are discussed

and Dyson [1985] examined the effects of temperature and meridional winds on
F'2 peak height at midlatitudes using the servo model. They have made use of

rdinated measurements of temperatures and winds with a high resolution Fabry
rof spectrometer and the base height of the F layer, h'F', from ionosondes located
anberra (35.4°5, 149.2°E, geographic) and Hobart (42.9°S, 147.2°E, geographic) in
ustralia. Data from 16 nights have been used to examine the behaviour of the F;
ayeykr In response to changes in neutral temperatures and winds. They found that
tyhé ‘night stationary level’ of the F, layer depends on temperature, with the height
| éﬁging by (13 £ 6) km per 100 K and concluded that this agreed well with the

rediction of the servo model. A brief description of their analysis is given below.

The expression (4.16) relating the plasma diffusion and chemical recombination
OefﬁCIentS has been solved to determine the relation between the F, peak height and
he neutral temperature. Adopting the 1000 K thermopause model of Banks and
fOCka1'ts [1973], they solved equation (4.16) for a dip angle I = 68° to obtain an

_SXpression for the peak height given by

hs = 53 x107° T, (5.5 In T, — 19) + 200 (km) (4.21)

The virtual heights A’ F corresponding to times when the meridional wind was
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o zero were identified, and a plot of h'F and neutral temperatures (7,,) at
imes showed. good correlation between them. The ‘night stationary level’ in
bsence of wind varied by 13 £ 6 km for every 100 K change in temperature,

1 is in accordance with that expected by the servo model.

t is to be noted in this context that there is a discrepancy in the formula
ng Ahs and Ty, derived by Yagi and Dyson [1985].' According to equation (4.18),
ight stationary level” at Beveridge (dip angle of 68°) varies by 15 km for every
K change in T,. While solving the expression (4.18) for this location, it has been
un':d:tllat the source of error in the formula used by Yagi and Dyson appears to lie

he value of g adopted by them for F' layer heights.

Fig. 4.5 shows the result obtained by Yagi and Dyson for midlatitudes. The
rr’élapion coefficient was 0.76, indicating that almost 60 % of the variation in WF
n "be accounted for by the variation in neutral temperature. The two important
fvations are (i) the scatter in the data points and (ii) the dc shift of ~ 45 km in the
_etical and experimental curves. According to Yagi and Dyson, the latter might
dﬁe to the fact that the theoretical curve represented the altitude of maximum
ectron density, while the experimental curve referred to the base of the F' region.

he scatter in the data was suggested to be due to the limitations in the model used

?an:d the drifts associated with the electric fields not being accounted for and/or due

to variations in the parameters like layer shape, time constants of the ionosphere, etc.

| A parameter whose effects are most ignored by the current WOrking models on
the neutral atmosphere is the turbopause height, the level above the mesopause, above
Wh}Ch molecular diffusion is the dominant process, and hence diffusive equilibrium of
fferent atmospheric constituents prevails. It has been shown by earlier workers that
he turbopause level has large day-to-day variations [Pokhunkov et al., 1985; Danilov

?t al.,, 1979, 1980] and it has an independent control over neutral densities at F region
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 Fig. 4.5, Plot of virtual height A'F and spectroscopically measured temperature at
 times of zero meridional wind over the midlatitude station, Beveridge (68°S dip). The
dashed line corresponds to equation (4.21) in the text. (after Yagi and Dyson, 1985)
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[Sm'dhamn and Raghavarao, 1984]. Since both Bm and D,, are strongly de-

nt on T., the neutral composition and the densities, any change in the height of

rbopause would have significant changes in both these parameters, eventually
ésting ‘n the F layer heights. This 1s an important aspect and might account

observed scatter in the W' F vs T, curve obtained by Yagi and Dyson.

5 Results from the coordinated measurements

from vlow latitudes

splte of its limitations and inherent assumptions, it has been demonstrated that

ervo model can act as a tool in understanding the nature of the coupling of

hermosphere and the ionosphere [Ganguly et al., 1980; Yagi and Dyson, 1985].

udy was initiated in order to understand this behaviour in low latitude

Coordinated measurements of neutral temperature and meridional winds ob-

tained from Mt. Abu (24.6°N, 72.7°E geographic; 20.3°N dip latitude) and F' region

rameters such as layer height deduced from the existing ground-based jonosonde at

imedabad.(%"N, 72.1°E geographic; 18.4°N dip latitude), are made use of, to pro-

P

A
vide experimental evidence for the applicability of the servo principles. Specific case

udies pertaining to magnetically quiet times were made with the existing data base.

The data encompass periods from minimum solar activity in the years 1986 and 1987

upto the present level of activity (1992). Since the stability of Fabry Perot etalon

to the desired limit of being able to determine the line of sight winds was achieved

only in the winter months of 1989, there exist only temperature measurements in the

period 1986-1989. Notwithstanding this limitation, individual case studies utilizing

the data for the period 1986-1988 provide credence to the concept that the ther-

_mosphere and the ionosphere behave like a fairly well coupled servo system at these
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es [Sridharan et al., 1991]. The results are presented in this section.

The ionograms obtained by the ionosonde operating from Ahmedabad are

ced to N — h profiles by the standard Budden Matrix method. An electron

"ty (Ne) of 1.2 x 1075 em™3 is taken as representative of the base of the F

n, whose variation (hy,) is obtained from the reduced N — h profiles.

The two examples presented in Figs. 4.6a and 4.6b show the movement of the
yer as a whole, when there was a simultaneous change in T, on the niglits of 25

k26, October 1986. Depiction of the variation of two N, values indicates that the

er retains its shape fairly well. The movement is a physical displacement of the
,\eind not an apparent displacement that would be seen in the event of the plasma
tihg neutralised at the base of the F' region as these measurements are well after
u"nﬁ"set.;In the examples presented herein, the whole of the F' layer is shown to move

p and down with a corresponding change in neutral temperature.

These examples clearly show the strong influence of T}, on the F' region height.
Another effect of the increase in the neutral temperature would be to increase the
vibrational temperature of N, the dominant neutral species. Due to this, the effective
réconlbinati011 rate of the F region, through the charge exchange reaction of Ot and
Nj, would get enhanced significantly. For a neutral temperature change from 1000 K
ﬁC\J’\\QOOO K, the reaction rate of N, (vibrational) is known to increase by atleast a factor
of 20 [Banks and Kockarts, 1973). This is expected to have significant effect on the

_electron densities at any height. Though the decrease of N, as shown in Figs. 4.6a

and 4.6b is expected on the basis of the ‘night stationary decay’ as discussed earlier,

the role of such large changes in T, in altering Ny, densities cannot be ruled out.

The next five diagrams (Figs. 4.6¢c to 4.6g) depict the behaviour of the ther-

mosphere - ionosphere system on nights of 23, 24 and 27, October 1986, 23 November
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ig. 4.6c. Neutral temperatures and the F' layer base height (corresponding to a

ensity of 1.2 x 10%cm™3) for the night of 23 October 1986. The MSIS-86 model

temperature variation is also shown for comparison with the measurements.
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Fig. 4.6d. Same as above but for 24 October 1986.
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Fig. 4.6f. Same as Fig. 4.6c but for 23 November 1986.
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Fig. 4.6g. Same as Fig. 4.6¢c but for 13 February 1988.
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13 February 1988 when both thermospheric and ionospheric data are avail-
or these nights, MSIS-86 model was run to obtain the predicted temperatures
imes when direct measurements are available. The model values are also

d in these ﬁgu1'es. On all the nights in 1986, the F' layer showed large rise in

0 h beyond which no temperature data were available. On 24 October, there was
tial rise of 50 km at 2100 h after which the layer started moving down. There
Vs:t‘lbsequent increase in its height and the neutral temperature too showed cor-
ding variations. On both the nights, the airglow intensity was too low to allow

eful data beyond 2230 h.

The examples presented in Figs. 4.6e and 4.6f show contrasting features. The
ehav1our of the ionosphere on 27 October was similar to that on 23 October but the
se on 27 October was seen only after 2200 h before which the F layer had Iemamed
Steady. T, too had shown a nearly steady value except for a singularity at 2100 h.
There are no temperature data during the period of steep rise in hy,. The F layer
n2.3 November was located beyond 350 km at about 2100 h and it came down to ~

70 km by 2145 h. The corresponding change in Ty had been only 400 K. Subsequent

riations in base height had corresponding variations in T,. In Fig. 4.6g representing
3 February 1988, the temperature and the F layer height show good correlation. The
emperature exhibited a wavy feature which is reflected in the variation of hn,. On
this night, though the 7), shows a large rise of about 650 K between 2200 and 2300 h,

the base height of the F layer shows only a marginal increase.

The measurements of T}, and the base height of the /' region for the nights
of October and November, 1986, are plotted in Fig. 4.7. The line of best fit is also

shown and it has a slope corresponding to 11 £ 2 km per 100 K at 95% confidence
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Fjig. 4.7. Plot of measured temperatures and the base height of the F' layer for different
times on the nights covered under study. The slope of the best fit line to the data
points has a value of 11 4 2 km per 100 K at 95 % confidence limit. The dashed

curve shows the result of theoretical caleulation carried out using the servo expression
(4.16).
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Using the iteration technique discussed in section (4.3), the balance height for
. of the measured temperatures is computed.from equation (4.16) and this is also
ted in Fig. 4.7 along with the observations. Since the observed hy, represents
base height of the F, region and not the height of the maximum electron density,
eidiﬂ"erence in the computed peak heights by ~ 65 km is understood. The line of
t fit to the data has a correlation coefficient of 0.74, which implies 55% of the
variation in Ay, can be accounted for by the variation in neutral temperature alone.
e non-linearity in the response of the F' layer height at higher temperatures is

arly evident in the computed peak height.

In spite of meridional winds and electric fields not being taken into account
_ in determining the peak height of the F layer, the agreement in the slope of
the theoretical and experimental curves provides confirmation to the belief that
the F° layer at low latitudes behaves like a servo system and that the ‘night

stationary level’ of the F} peak depends on temperature in the manner predicted

by the servo model.

Since we do not have neutral wind measurements for this period, it was not possible
to eliminate the effects of winds in determining the balance height. However, this
StUdy indicated the need for examining the thermosphere and the ionosphere as a

ystem, incorporating the effects of all known factors.

4.6 The thermosphere-ionosphere system

Having ascertained the role of neutral temperature in determining the height where
the F} layer is formed, the next step would be to quantify the role played by winds and

electric fields in perturbing this ‘night stationary level’ (hs). Since the work of Rishbeth
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4 Barron [1960], there were several studies which attempted to deduce the effects
duced by these forcings on the F' region [Rishbeth, 1967; Rishbeth, 1972; Rishbeth
:'al.‘, 1978; C’h(ﬁz(llcr et al.,, 1983; Crary and Forbes, 1986; Forbes and Roble, 1990;
jonsanto, 1990]. Realising the closed cycle of inferdependence of thermospheric

d ionospheric parameters, various workers have succeeded in the inverse process of

iving meridional winds by making use of this relationship [Miller et al., 1986; Miller

t al, 1987; Buonsanto et al, 1989; Krishnamurthy et al., 1990]. Though extremely
sfe’ful’ in studying average, systematic, variations, there are certain limitations in the
éri,vation of neutral atmosphéric parameters like meridional winds purely based on
nospheric data and modell atmospheric parameters. These are brought out in a later

hapter on meridional wind and its variabilities.

The action of external forcings such as winds and electric fields on the F
région was described in section (4.2) and depicted in Fig. 4.1. When the applied
dr’i’fts are upward, increased downward diffusion opposes the upward motion of the
‘p]asma and when the drifts are downward, increased recombination, leading to the
loss of jonization, opposes further lowering. At any mstant, the actual height (h,,) of
the F, peak approaches the equilibrium level (hy). If the tile required for diffusion at
_ the peak is shorter than time scales over which the largest variations in drifts >occur,

it can be assumed then that the F, peak relaxes to its equilibrium height (hy,) before

it is altered further [Forbes and Roble, 1990].

If electric fields are small and for small wind speeds, there exists a linear
relationship between the wind speed (Up) and the resulting change in the height of the
layer peak [Rishbeth and Barron, 1960; Rishbeth, 1966; Buonsanto et al., 1989]. In this
section, this relationship pertaining to our latitudes (dip angle of 33°) is examined.
A new method has been evolved to estimate the height of the F layer peak, hi,

mcorporating the effects of both neutral temperatures and meridional winds. This
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ce height is then compared with independently measured peak height (huyax)
uced from ionograms. It is then shown that the comparison reveals fairly good
ment reproducing most of the observed features and thus providing experimental

nce for the close coupling of the thermosphere and the ionosphere.

Rewriting the servo equation (4.17) and replacing the reduced height z,, by
real height hp,, we get

: 2[ )
ﬁl-(%ﬂ = —Ql'é—s—;;——{exp[wk(hm—ho)/]{] — exp[—(hm — ho)/H|} + W

“

e W is the vertical drift due to winds and electric fields.

It was shown by Buonsanto et al. [1989] that for most conditions in the F
on, the effects of both the time rate of change of the layer height and the non-linear
'm on the right hand side of the above equation are small. The above expression
 becomes

(k 4+ 1)D,sinl

v 2H?

(hm - hO) (422)

Combining equations (4.5) and (4.6), the vertical drift of ionization, being the

esult of a combination of motion along the magnetic field lines due to a meridional

i

vind U, and an ion drift induced by the east-west electric field Fg, is given by

Er
v, = —U, sin I cos I + —BE cos 1 (4.23)
quating (4.22) and (4.23) and solving for the layer displacement (ko — Aw),

(ho = hw) = a|U, — %sin]} : (4.24)

2H?cosl
(k+ 1)Dysinl
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he electric field is small

h = ho — U, (4.25)

The extent of linearity that holds between the layer displacement (Ah,,) and
been examined for the location (I = 33°) under study and it is shown in
ster 5 (section (5.5)) that the approximation is valid for equatorward wind speeds
than 200 m/s and poleward wind speeds less than 125 m/s. Since the magnitude
of the measured meridional wind is less than 150 m/s most of the times, the linear
proximation (4.25) to the servo equation is adopted [Gurubaran and Sridharan,

‘and the effects of meridional winds at a low latitude station, Mt. Abu, are

amined and discussed below.

Having seen the importance of neutral temperatures in determining the al-
itdde of the F; layer peak, the measured temperature and its changes are incor-
rated in the present analysis. These temperatures obtained from the top of the
osphere by line profile analysis of 6300 A emissions, are close to the exospheric
krﬁ’perature (Too) itself [Hays et al., 1970; Hernandez et al., 1975). The minimum
uilcertainty in the measurements is estimated to be ~ 4+ 50 K. Based on the sim-
ulation done by McCormac et al. (1987], and taking into account the uncertainties
In the measurements, the spectroscopically determined 7, would at the most differ
from the actual exospheric temperature (T,,) by 100 K, which would in turn alter the

estimated layer height by 4 10 km and this could be taken as a steady dc value for

:né night.

In the present exercise, the neutral atmospheric parameters are deduced from

he MSIS-86 model by treating the measured temperature as 7.,. The same set of
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essions for f and D (4.19 and 4.20) is made use of in determining the balance
t of the £/, peak by iteration, where equation (4.16) holds. This would represent
¢ this particular time. The meridional wind component along the geomagnetic
liges would alter ho to a new level h,, satisfying equation (4.25). The h,,, i.e., the
gh"t'of maximum density in the F reg;'ion, is thus estimated at different times when
. T, and U, are available in the course of the observations. These estimates are
pared with the independently obtained peak height (hmax) values from ground-
as"éd ionosondes and the results obtained for a few days, indicate fairly good to very

ood agreement. These are presented below.

The behaviour of the thermosphere-ionosphere system on seven magnetically
ét nights (A, < 20) in the months of February and April, 1991, when we had the
V'kplete data on Ty, U, and h,,y, is depicted in Figs. 4.8a to 4.8g. The top and
dle pénels, show the variation of spectroscopically determined neutral temperature
d meridional wind (poleward treated as positive). The dashed line in the top panel
presents the T, estimated using the MSIS-86 model. The measurements correspond
emissions emanating from south (20° elevation) of the sky over Mt. Abu. The
kloyinospheric F; peak height is independently determined from the true height reduction

:;i/onograms obtained by the ionosonde at Ahmedabad (2° south of Mt. Abu) and

its variation (stars) is depicted in the bottom panel. Also shown is the estimated
height (circled crosses) of the Fy peak. The statistical error of the uncertainty in the

estimated height is calculated from (4.25) and is given by

. . 5 1/2
Shu sU\* §ho \*  [6a\?

——— — —_— — 9

. U,,) + (ho—hm o (4.26)

Miller et al., 1989]

The uncertainties in hg and « depend on T,. 60U, 1s the uncertainty in the
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Fig. 4.8a. Spectroscopically measured thermospheric temperatures (7,,) and MSIS-86
model predictions for 6 February 1991 depicted in the top panel. The middle panel

depicts the variation of measured meridional wind (Up) (positive poleward)

. The

theoretical estimated F' layer peak height based on servo principles using T, and U,
along with ionosonde measurements are depicted in the bottom panel.
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Fig. 4.8b. Same as Fig. 4.8a but for 11 February 1991.

142




Feb.13,1991 Mt.A‘bu/Ahmedobod Ap = 13
*+ 992 Measured
—. — MSIS-86
. 1900
< )
o .
¢ ¥
o
2 1300 I {I }} [l
£ T~ I { f t
- 4 - T T =~ e I__ -4
700 14 T T T ¥ L T T T T
300
@ 2004 -
S, I
=~ 100 [
e ] 1] | 1
z 0 I
v t
S —100+
3z
2 -
& —-200+
"300 T T T T T T T T T T
00908 Estimated
400 — +es29 Megsured
~ b * ]
N %# R » %,
[} ® % ® . » * @
3300~ . A $ 9 ot
2 ) f
200 T T T 1 H T T T I H
19 21 23 01 03 05

Time (IST) Hrs.

Fig. 4.8c. Same as Fig. 4.8a but for 13 February 1991.
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Fig. 4.8d. Same as Fig. 4.8a but for 17 February 1991.
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Fig. 4.8¢. Same as Fig. 4.8a but for 10 April 1991.
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Fig. 4.8f. Same as Fig. 4.8a but for 11 April 1991.

146

Ap = 5
— — model
s+ 9+¢ Observed
1800
X
8 -
5
2 I S
81300~ ~"2 _ I I 4 fii
£ S~ - {
. SR T 1
i {
700 I 1 1 T T
300
2 200+
E - -~
~ 100+
-D —
£
z 0
o 4
S —100 I { { I
2 -
£ —200 {
-300 T 1 1 T H
400 . % .
/é\ ' ’ “ % * * )
\3_‘/ 7 » . . . s » . *
[«5] ) 4'. * ' * t.' T
3 3004 . '
=
‘ ] o009 Estimated
s+ s¢2 Observed
200 T H i ' i T
19 21 23 01 03 05




Apr.14, 1991 "~ Mt.Abu/Ahmedabad Ap = 6

~— — model
#¢ese¢ Observed
-~ 1900
X
o 4
2
o -
-
§13oo— ~ { ] .
P i { }
700 1 4 § 1 T -
3_00
g 200 -
~ 100- I {
2 :
; O X T T
s S
S -100 I I } I
_q_) -,
& —200
=300 T
400"
] L]
—~ ] *le
e | i
=, sa” P . N .
° R e @ ° - ..t LN . »
o s 2 o .
:‘3300'— M ‘%. *
=
sreas Observed
ODODD Estimated
200 { ] ¥ 1 T
19 21 23 01 03 05

Time (IST) Hrs.

Fig. 4.8g. Same as Fig. 4.8a but for 14 April 1991,
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od as either to be constants or of less significance. The electric fields are esti-
d separately and the results presented in the next section. In this case study
the ionospheric and thermospheric conditions are assumed to be the same

oach,

Ahmedabad and the southern sky at Mt. Abu.

" Fig. 4.8a shows the results for 6 February, 1991. The measurements are few in
mber on this night. The neutral temperatures follow closely the model predictions.

o wind has remained equatorward all through the observing period. The measured

d the estimated F, peak heights depicted in the bottom panel differ considerably

},or‘” this night.

Fig. 4.8b shows the results for 11 February 1991. There is a temperature bulge
as revealed by the measurements at about 0100 h. The poleward wind of 100 m/s
sround 2100 h changes its phase to equatorward around 2200 h reversing back to
leward at 0100 h. The layer reaches its minimum at about 2130 h after which it
mqves upward. The F, peak is at its highest level of about 370 km between 0000 and
0100 h. The vertical motion of the F, peak clearly follows the direction of meridional
winds. The oscillatory pattern exhibited by the fay 1s corroborated well by the

meridional wind variation. The estimated and measured heights differ in the range

‘,"of 30-50 km for this day.

Fig. 4.8c shows the results for 13 February 1991. The measured T, and the

» model differ considerably on this day too. The behaviour of the meridional wind has
been quite different when compared to that of 11 February. The wind remains mostly
poleward except at 2330 h when it either comes down in magnitude close to zero or

just has a brief reversal to equatorward. The agreement between the measured and

estimated Ay, is fairly good. hyay reaches its minimum later at about 2230 h on this
night and the poleward wind shows its maximum amplitude at about the same time.

The large uncertainty in the estimated layer peak height at 2350 h is due to the large
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arement €rrors in the spectroscopically determined parameters.

Fig. 4.8d represents the outcome of a similar exercise for 17 February 1991. The

al tempemtmes show considerable deviation from those expected by the model

d also during midnight. The meridional wind remains equatorward

2100 h an

ot of the time and the layer is at a higher height when compared to that on

ous days The F layer seems to behave differently between 0100 and 0200 h. Its

a1k reaches 400 km whexeas. the temperature. deviated from the model only slightly

50 K) and the equatorward wind speeds were of the order of 50 m/s. The

ment between the measured and estimated hexghts of the [, peak is reasonably

Q‘d on this day. The deviation in the expected and the measured heights could be

e to the electric fields not being accounted for.
The results from a similar analysis for three nights of data belonging to the

ordinated measurements for the month of April 1991, are depicted in the Figs. 4.8e,

8f and 4.8g. The measured temperatures on 10 April, agreed with the model. The

quatorward wind shows large amplitude at about 2030 h cmd in the early morning

hours The meridional wind has small speed (~ 50 m/s) in the poleward direction

Whlch has resulted in the lowering of the peak height at and immediately after mid-

night. There is a reasonable agreement between the estimated and measured peak

heights for this night.

Coming to the measurements on the night of 11 April, the measured tem-

peratures shown in the top panel of Fig. 4.8f exhibit a peculiar oscillatory feature,

fluctuating about the model values, not seen on any of the other nights. The wind

and leads to high estimated [ peak heights

differ by at least

has remained steady and equatorward
(between 375 and 425 km). The estimated and the measured ngax
30 km. Such deviations might result from the presence of strong electric fields which

will be discussed in the next section.
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The results on 14 April are depicted in Fig. 4.8g. The measured neutral
temperature closely follows the model values. Because of the rapid intensity changes
Jduring the early part of the night, the uncertainties in temperature were very large
"‘dhlg,’ to the rejection of such measurements. The meridional wind shows a tendency
:ével'sillg to poleward during the middle of the night, which is well corroborated
Lhe lo»vei‘illg of the F' layer to about 300 km. After midnight, the measured height
es not show the rapid increase as expected by the ‘servo’ action of thermosphere-

losphere system due to the changing meridional wind.

o The case study pertaining to the application of servo model through the seven
examples presented, clearly provides experimental evidence for the existence
and also the extent of the close coupling that prevails in the low latitude

thermosphere-ionosphere system.

4.7 FEstimation of electric fields

As had been mentioned earlier, the role of electric fields is not considered in the case
t’u/dy approach presented in the last section, for want of electric field data. However,
‘if the differences in the estimated and actually measured hy,.x are only due to electric
fields, using (4.24), the electric fields could be inferred for the days under discussion.

From (4.24), the electric field (positive eastward) and its uncertainty are given by

B hO_hm
=gt~ e
6F = ———Scl?n—l [al((SU)Z -+ ((WLO)Z -+ ((Shnmx)l

1/2

+ ((ho — /anx)&v/a')?‘] (4.28)

N Gurubaran and Sridharan, 1993]
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 Fig. 4.9a. Electric fields calculated from the differences between the estimated (A, )
and the measured (hmax) peak heights of the £ layer for 6 February 1991,
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Thus evaluated electric fields for the nights belonging to February and April

1991) are depicted in Figs. 4.9a to 4.9g. It is seen in these figures that the electric
, kckls in the month of February are castward after sunset (at least on 13 and 17 Febru-
ry) and become westward at about 2100 h. They change their direction again near

1idnight and except on 6 February, continue to be eastward till the end of the observ-

1g period. This might represent the winter months. The results shown in Figs. 4.9e
6 4.9g suggest that the electric fields in equinoctial months (April) however reveal a
ifferent picture altogether. They reach maximum westward amplitude at ~ 0300 h
o subsequently become eastward just before sunrise. On 10 and 14 April, there ap-
"I"jeared to be a transition from eastward to westward field at about 0100 h. A wavy
';.pattern in the electric field variation is clearly seen on 11 and 13, February, and 10 and
‘4, April, with periodicities in the range 4 to 6 hours. Variations of such periods are
lso noticed in the measured temperatures (Chapter 3, section (3.5)) and meridional
_winds (Chapter 5, section (5.7))from the same location. The assumptions/limitations

involved in the estimation of electric fields are discussed below.

A first look at the electric fields calculated from the differences between the
_estimated and measured A, reveals that the values are large when compared to
the value in the range of 0.5 to I mV/ m reported for equatorial region [Woodman,
1970; Namboothiri et al., 1989]. We would rather expect that the electric field at the

magnetic equator gets mapped along the field lines towards low latitudes. The fact
_ that estimated electric fields are large, warrants close examination at the physical

processes that occur in the low latitude F' region.

One of the factors that causes uncertainties in the estimates of electric fields
is the explicit assumption of steady state in the servo model. At each instant of
time, the F layer has been assumed to be in chemical equilibrium, and the effect of

meridional winds was then superposed to find the new balance height. As mentioned




er, the diffusion time at the Fy pveak height is assumed to be fast enough that the

er soon reaches a balance level before the drift due to a subsequent change in wind

n:be applied. The assumption of steady state may not be valid for large applied
r’fical drifts (say, more than 100 m/s), since the height of the ionosphere does not

act immediately to wind changes as it has a finite time constant. Thus the electric

N

ds are overestimated for drifts producing large changes in heights by the simplistic
vo model approach adopted herein. It becomes necessary that the time delay in

he response of the ionosphere needs to be taken into account in this regard.

The physical process which is of relevance to the uncertainties of thé electric
leld estimates over low latitudes, is the equatorial ionization anomaly. The renewal
f equatorial fountain resulting from the evening pre-reversal enhancement of upward
asma drifts [Rishbeth, 1971b; Heelis et al., 1974], is known to provide an additional
upply of ionization to the nighttime low latitude F' region [Sastri, 1982]. Buonsanto
1'987, 1988] investigated the behaviour of the F layer at the crest of the equatorial
nization anomaly (Tahiti (17.7°S geographic; 16.6°S dip latitude) in South Pacific
:éea.n) in the evening and pre-midnight hours. The place of our observations is
cated under the crest of the equatorial ionization anomaly. The relevance of the
untain effect to the low latitude F region is discussed elaborately in Chapter 6
"{’(section (6.2)). It is suffice to note here that the movement of the crests of the
anomaly across the low latitude observing stations, Mt. Abu/Ahmedabad, and the
"Co\nsequent lonization density variation, might have a partial role in iﬁducing vertical
motions of the ionization layer and it is possible that the electric fields are slightly

overestimated. These are some of the aspects that have not been accounted for in the

Present study.

* In spite of the coordinated measurements being limited, the case study based on

individual nights of observations suggests that there seems to be a distinct phase
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difference in the variation of electric field from winter to equinoctial months.
The geophysical processes like EIA associated with the electrodynamic proper-
‘ties of the low latitude and equatorial thermosphere-ionosphere system could

possibly be the cause for the variabilities exhibited by the electric field.

‘hese aspects need further investigation.



Chapter 5

Measured and derived meridional
winds and their variabilities

1 Introduction

In his paper to Nature, Jacchia [1959] first pointed out the possibility of a difference

_in density of the upper atmosphere between the bright and dark hemispheres-of the

[éarth, which had led to the orbital decay of artificial satellites. It was recognized

by then that the variations in air density are primarily due to heating by solar EUV

radiation. The existence of a diurnal bulge of atmospheric density above about 200 km

was attributed to the thermal expansion of the atmosphere at heights above 100 km in

fesponse to the large diurnal variation of temperature in this region. This ‘bulging’

of the atmosphere was shown to be responsible for the horizontal gradients of air
Pressure which would then drive horizontal winds [King and Kohl, 1965; Geisler,

1966]. Kohl and King [1967] sl

1owed the existence of a global wind system at /" region
teights through calculations using data from Jacchi

1

Stmounstrated the importance of ion-drag as

a’s model atmosphere, They

a force determining the form of the

Amospheric wind system.




Rish’béth [1972] in his review, examined the various properties of the wind
ystem and the effects of the winds on the ionospheric F; layer. Experimental and
ii’ebretical results have suggested that the large scale dynamics arising out ol such
k’i’n‘d systems, would in turn, influence the temperature and composition of the ther-

osphere [Shimazaki, 1972; Mayr et al., 1978].

Apart from the role of meridional winds in moving the ionization along the
";/,Lgnetic field lines thereby altering the plasma density distribution, the neutral wind
has many other effects on the equatorial and low latitude ' region. The winds are re-
s"ponsible for the global dynamo action leading to the generation of electric fields. The
hérmospheric zonal winds act as a primary driving force for the F' region dynamo,

which gives rise to the enhancement of the post-sunset equatorial electric field [Rish-

,"ekth, 1971a,b; Heelis et al., 1974]. A transequatorial wind would transport ionization
rom one hemisphere to the other, thereby making the distribution of ionization asym-v
etrical about the equator [Bramley and Young, 1968]. It thereby aids the renewed
fountain action in one of the hemispheres in the evening hours and enhances the
rest of ionization. This feature has been shown to result in increase in peak electron
éusity at a low latitude station, Tahiti, [Buonsanto, 1988]. Another effect of the

transequatorial wind is to suppress the generation of ESF irregularities by enhancing

the £ region Pedersen conductivity in one of the hemispheres and shortcircuiting the

pO]arization electric field [Mendillo et al., 1992]. Recently, it has been shown that the

Vertical winds at the equator have significant role in enabling/inhibiting the Rayleigh-

Taylor instability which is responsible for the generation of irregularities in electron

and ion densities (Equatorial Spread F(ESF)) [Raghavarao et al., 1987, 1992; Sekar
and Raghavarao, 1987].

An outcome of the interaction of tl - global scale wind with anomalies in

lonization distribution is a circulation associated with the temperature and pressure



pei'tm*b&tion‘ [Dickinson et al, 1-971].._Tlie horizontal convergence (divergence) of the

neutral wind forces a downward (upward) vertical wind in the immediate region of

the ionization anomaly. Such motions would Jead

to adiabatic heating and cooling

within the location of anomaly. Recently, Raghavarao et al. [1991] have reported

n Equatorial Temperature and Wind Anomaly (ETWA) at thermospheric altitudes

characterized by the formation of two regions of enhanced temperature on either side

of a prominent trough over the magnetic equator. The zonal winds were shown to

reach their maximum near the magnetic equator with two minima on either side of

it. The trough in temperature and the maximum in zonal winds were seen to be

collocated with the trough of the equatorial ionization anomaly. In a more recent

, 'pa,per, Raghavarao et al. [1993] proposed two whorls of meridional winds at each of

the temperature (and pressure) crests. These winds are superposed on the planetary

scale meridional winds due to diurnal tide. Thus the importance of measuring neutral

winds and their variation with time in the low latitude region can hardly be over-

emphasized.

In the following section (5.2), the various techniques available for wind mea-

surements are discussed. In section (5.3), a brief review on the results obtained by

Several workers from ground-based optical studies for low and equatorial latitudes is

given. This is followed by a discussion on a few indirect methods available to infer

eutral winds (section (5.4)). For the low latitude stations, Mt, ABu/Ahmedab_ad,

_ under the present study, we utilize direct measurements of meridional winds with the

Fabry Perot Spectrometer, and the me

ridional winds derived using ionospheric data,

lora detailed study on their (meridional winds) behaviour and their interaction with
the jonospheric /7 region. The results are presented in sections (5.6) and (5.7). The

Method adopted for deriving meridional winds from the jonospheric data is described
! section (5.5). The variation in neutral temperature is shown to be important in

the procedure of deriving meridional winds, more so when specific events are studied




section (5.6)). However, for giross, average, featuyes, use of the model temperature
self is adequate. This conclusion has been arrived at from a critical study to be
iscussed here (section (5.7)). The seasonal dependence of the magnitude and direc-
‘tion of meridional winds (both inferred and directly measured) is presented in section

(5.7).
5.2 Sources of experimental data on neutral winds

One of the oldest methods to measure neutral winds in the upper atmosphere is by
releasing vapour clouds from a rocket, as was first suggested b)} Bates [1950] and
~ had thus proved to be the most fruitful method at height range of 120-200 km. The
vapours most often used were sodium and trimethyl aluminium. Few of the limita-
tions of the vapour trail method are that observations from at least two locations are
required in order to determine, by triangulation, the position of an identifiable point
in the release, and releases like that of sodium are confined to twilight periods only.
It further requires cloud-free skies over a large area during the experiment. In spite of
these stringent requirements, many series of observations have been successfully com-
‘ pleted and yielded good results [Jarrett et al., 1963; Bhavsar et al., 1969; Bedinger,
 1972; Desai et al., 1975; Raghavarao et al., 1984, 1987, to state a few].

With the advent of satellites, a series of experiments was conducted to obtain
i sity measurements of neutral atmospheric parameters using omegatron instruments

- on San Marco 3 and 4 and quadrupole miss spectrometers on Aeros A and B, At-

mosphere Explorer C, D and E and Dynamics Explorer 2 [Spencer et al., 1981 and
/

references cited therein]. In the later version of quadrupole mass spectrometers, mea-

surements of the neutral winds were made through interpretation of the modulation

of the particle stream entering the mass spectrometer, using the baffle technique.

The accuracy of measuring neutral winds by this technique, i.e., with the Wind and

160



emperatﬁre Spectrometer (WATS) on bozu"dv the DE 2 satellite was estimated to
é 10-20 m/s at 650 km altitude. Subsequently, Raghavarao et al. [1991, 1993]
ave shown that the error is only 2 m/s at 300 km as it is inversely proportional to
1e square root of the gas density. The scientific results arrived at and important
ontributions made by the DE 2 mission have been reviewed by Killeen and Roble
988]. The measurement concept of obtaining the neutral atmospheric parameters

sing mass spectrometers has been discussed by Spencer and Carignan [1988].

Line profile measurements of natural airglow emissions using Fabry Perot Spec-
ometer (FPS) have been yielding thermospheric temperatures and winds for more
than four decades, starting from the pioneering work by Armstrong [1953]. The Fabry
‘Perot.interferometers have also been flown on satellites such as Dynamics Explorer 2
and have yielded good data [Killeen and Roble, 1988]. In their review article, Her-
;naﬁdez and Killeen [1988] have given the historical development of optical remote
sensing with FPS as a tool and discussed the scientific progress made from the data
"','kbase collected at various observing stations round the globe. As pointed out by
}',fh’em, although the Doppler measurements of winds and temperatures provide con-
nuously a synoptic picture of dynamic and thermodynamic behaviour of the upper
‘atmosphere, they (the measurements) assume utmost importance when interpreted

in conjunction with a global circulation model.

5.3 Results from previous ground-based optical
studies from low and equatorial latitudes

Al .

The ground-based measurements from the near equatorial zone are not many, when
compared to those in high and midlatitudes. The only measurements reported in the
literature in recent times are enumerated below. The results obtained by them are

briefly reviewed.
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Sipler and Biondi [1978] and Sipler et al. [1983] have made measurements

er a span of several years at sites such as Kwajalein Atoll in the Marshall Islands

(¢ 4°N, 167.5°E, geographic; 8.6°N dip latitude). They showed that the winds in the
uatorial region are strongly influenced by variations of ion-drag due to the variations
in the ion densities effected by E x B drifts, upward propagating tides from the lower
atmosphere and also by high latitude magnetospheric convection. -They have made
filis suggestion after comparing their results with the NCAR thermospheric general

circulation model (TGCM) predictions.

Some useful results have been obtained on the equatorial thermospheric dy-
amics by measurements carried out by Biondi and Sipler [1985] as a part of the Brazil
onospheric Modification Experiment (BIME) from Natal (5.9°S, 35.2°W, geographic;
.4°5 dip latitude), Brazil. They observed new effects such as (a) significant vertical
ows and neutral temperature increases in response to persistent convergence in hor-
rontal flows and (b) gravity wave modulation of thermospheric flow. These results,

although of a single night measurements, are considered to be extremely important.

Meriwether et al. [1986] have obtained nighttime measurements of horizon-
tal winds at Arequipa (16.5°S, 71.4°W, geographic; 3.5°S dip latitude), Peru, on 62
nights. Comparison with the predictions of NCAR TGCM model for equinoctial and
solstice conditions showed good agreement. In their earlier study on O I 6300 A
nightglow brightness at Arequipa [Meriwether et al., 1985], they have examined the
effect of a prolonged equatorward wind (~ 100 m/s) on the equatorial ionosphere.
They have observed widespread areas of airglow depletion, with reduction in intensity
as large as factors of 3 or 4. Ruling out the possibility of association of these deple-

~ tions with equatorial plasma depletion events, they have invoked the presence of an

- Squatorward neutral wind which would drive the F' region plasma up the magnetic

field lines sufficiently to account for the intensity depletions.
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As imﬂ of the CEDAR (Coﬁpling,‘ Energetics and Dynamics of Atmospheric
egions) program, Biondi et al. [1988] have ccj,rried out coordinated measurements
the dynamical behaviour of the upper atmosphere and the ionosphere at the mag-
netic equator, using a Fabry Perot interferometer from Arequipa and the incoherent
atter radar from Jicamarca. Motions between the zonal neutral wind and the zonal
drift velocity of the I region plasma were compared. The operation of F region
7' dyilazno in conjunction with the decrease in B reéon Pedersen conductivity was in-
k ked to account for the correlated motions of the neutral and plasma in the zonal
‘1r‘ecti011 during late night hours. During daytime, however, the F' region dynamo
eld is shorted by the higher conductivity in E region accounting for the uncorreiated

otions.

Continuous nighttime FPI measurements on the 6300 A emission line from
Li‘equipa have yielded a data base covering 2/3 of a solar cycle. Biond: et al. [1990,
991] have reported monthly average variations in the meridional and zonal compo-
lents of neutral wind, displaying seasonal changes in wind patterns. The measured
'seasonall variations in the wind patterns are more pronounced than the solar cycle
variations, which are expected in terms of the underlying forcing and damping pro-
géses. At the winter solstice, they have observed a weak (~ 100 m/s) transequatorial
flow in the earlier and late part of the night, with essentially zero velocities in be-
wtween. At equinoxes, there is an early night poleﬁweu'd flow during solar minimum,
hich becomes equatorward during solar maximum. The zonal winds were observed
to be predominantly eastward throughout the night, except during solar minimum
equinoxes when there is a brief westward flow in the early and late part of the night.

Bwndz et al. [1990] have compared their results with the horizontal wind model

’,(HWM-S"(') of Hedin et al. [1988] and the vector spherical harmonic model (VSH)

 of Killeen et al. [1987] and found a general agreement. Comparison has also been
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made with.tl.le winds measured at Arecib'o (18°N, 67°W, geographic; 30°N dip lati-
tju:de) [Burnside and Tepley, 1989], the geographic ‘mirror twin’ of~Arequipa.' With
thé solar EUV source acting as the principal ciriving force, the expected oppositely
_directed meridional flows and similar eastward zonal flows at the two locations have

een reported by them.

Contradicting the conclusion arrived at by Burnside and Tepley [1989] that
nocturnal and seasonal variations in the neutral wind field are remarkably unaffected
by changes in the solar cycle, Biondi et al. [1991] demonstrated significant d_iﬂferences
in both meridional and zonal wind patterns at different seasons as the solar cycle
progressed. As pointed out by them, this is expected since the increase in pressure
gradients from solar minimum to solar maximum would produce higher wind speeds
near the subsolar point at locations such as Arequipa. However, the increase in the
zonal wind has been observed to be moderate suggesting the opposing role played by
on-drag which would reduce the effect of the stronger pressure gradients. It is to be
noted rthat the meridional wind speeds at Arequipa are small throughout the solar
cycle, the wind flows near the subsolar point being dominantly in the zonal direction.
Also at times during magnetic disturbances arising out from the auroral regions, the

meridional flows would tend to cancel near the magnetic equator.

X Though the ionosphere over Arecilyo in Puerto Rico has midiatitude character-
istics (dip angle I = 51°), the theﬁnospheric dynamics in this region exhibits features
characteristic of low latitude behaviour. Optical observations at Arecibo have yielded
very useful results supporting the conclusions arrived at by satellite measurements.
Burnside and his coworkers [Burnside et al., 1981; Burnside et al., 1983; Burnside,
1984; Burnside and Tepley, 1989] have been reporting optical observations of night-
time thermospheric winds carried out from Arecibo since 1980. Apart from their

conclusion that the thermospheric wind fields at Arecibo do not appear to show any
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@r cycle dependence, they have reported nighttime wind patterns controlled by the

isturbance associated with midnight pressure bulge. The zonal winds are eastward

hroughout the night in winter. A reversal to westward flow is usually observed af-
er local midnight in summer months. The mendlonal flows are largest in summer,
hile a reduction or sometimes reversal occurs after midnight. The data f10m the
ﬁcoilex'exlt scatter radar have been used along with optical observations to infer the
currexlce: of midnight pressure bulge [Burnside et al., 1983]. A feature which is
ociated with the reversal of equatorward wind near midnight, is the meridional in-
ensity gradient (MIG) in 6300 A emission [Herrero and Meriwether, 1980; Friedman
nd Herrero, 1982]. The interaction of the disturbance originating in polar region and
~;mov1ng towards the equator, with the poleward winds associated with the midnight

pressure bulge, leads to a transition region where large horizontal gradients in wind

velocity and in the airglow intensity have been observed.

Sahai et al. [1992a] have reported thermospheric neutral wind measurements
by observing O 16300 A nightglow emission at Brazilian locations, Sao Jose dos Cam-
pos (23.2°5, 45.9°W, geographic) and Cachoeira Paulista (22.7°S, 45°W, geographic)
during 1988-1989. The dip latitude was about 16°5 for these stations. These mea-
surements turned out to be the first ever reported from a location near the crest of
the equatorial ionization anomaly. Sahai et al. have displayed graphically the aver-
_ age nocturnal variations of both meridional and zonal winds during all seasons and

compared their results with HWM-87 and HWM-90 models. On comparison, they

_ have reported some discrepancies both in the absolute magnitudes and in details of
nocturnal variations. The overall wind patterns were similar to those reported from
Arequipa. Fig. 5.1 shows their results on seasonal variabilities of meridional winds

over Cachoeira Paulista and the comparison with the models.
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Fig. 5.1. Temporal variation of the measured meridional winds for different seasons

o;/er the }iramhan latitudes (23°S, 45°, geographic; 16°S dip latltude) (after Sahai et
al., 1992a
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.4 Indirect methods available to infer neutral
winds

Apart from the direct ground-based optical techniques, several other methods are
available to determine neutral winds; from (i) ion velocity measurements of incoher-
ent scatter radars, (ii) satellite measurements of O I 6300 A emission, and (iii) F
5}/@1’ heightand its variation deduced by ground-based ionograms. There are several
assumptions and limitations in each of these methods. With more data on direct
néasurements of winds being accumulated, these methods are refined and they help
n further advancement of our knowledge ou the thermospheric dynamics. These

‘methods are briefly reviewed below.

(i) Neutral winds deduced from incoherent scatter radar (ISR) observa-

tions

The method of employing. F' region ion drift measurements obtained by inco-

A

herent scatter radar (ISR) to determine the meridional component of the neutral wind
was originally suggested by Vasseur [1969] and has been applied widely to the study
of thermospheric dynamics at various radar locations, namely, Millstone Hill, Son-
drestrom, Arecibo, EISCAT (Scandinavia) and Saint Santin. The technique involves
determination of the ion velocity parallel to the magnetic field at a particular height
from field aligned radar Doppler measurements. The drift velocity of the ions is due
 to the combined action of neutral Winds, plasma diffusion and electric fields. With
the measurements made simultaneously on I region plasma parameters, subtraction
 of the diffusion velocity component from the observed drift velocity and projection of

 the residual velocity in the horizontal plane yield a measure of the meridional wind.

The major source of uncertainty in this method comes from limited knowledge

~on the ion-neutral collision frequency which determines the diffusion coeflicient. The
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tatistical errors due to the measurement of the various parameters lead to an error
stimate of 20-30 m/s in the neutral wind at. /' region heights [Oliver and Salah,
988]. During disturbed periods, the uncertainty may be as high as 100 m/s. Such

Jarge uncertainties lie in the neutral composition being used to compute diffusion

Contributions from the ISR at Arecibo, Puerto Rico, to the thermospheric
dynamics are many. Nelson and Cogger [1971] first made use of the data on ion
velocity and observed a large drop in the height of the F layer, at Arecibo, after
midnight. With the technique of determining meridional winds from ISR data being
wéﬂ established, Behnke (mvd Harper [1973] began the study of ion-neutral illteI‘ElCt(}iOIls
and examined the morphological features of the dynamic F layer over Arecibo. Harper
1973] in his pioneering work, infefred large equatorward meridional wind speeds in the
2100-2400 h sector, which decreased rapidly after midnight and 1'everszed sometimes

_near 0200-0300 h sector. This led Behnke an ' Kohl (1974] to conclude that the

- midnight collapse of F region observed at Arecibo, is caused by the post-midnight
poleward winds dragging the F' layer ions down the magnetic field lines. This picture
éVolved slowly with measurements from other techniques rapidly coming up, and
kihas proved to be important in maintaining or depleting the nighttime ionosphere,
* partiéularly at magnetic midlatitudes, by the meridional winds. To a lesser extent,

these winds influence the F' layer densities at low latitudes as well.
(ii) Inferences from satellite measurements of airglow emissions

Utilizing the greater spatial coverage by a satellite, Bittencourt et al. [1976]
used the OGO 4 tropical nightglow data on 1356 A and 6300 A atomic oxygen air-
glow to infer meridional wind velocities. They have made use of the fact that the

~ morphology of the tropical emissions is associated with processes such as Appleton
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nomaly which cause the F' layer to be sit‘uated at different heights and with differ-
1t values of electron density in different locations. From the latitudinal asymmetry
resent in the tropical emissions, they have deduced meridional wind patterns over
Jow latitudes. The difference in the height oi the /' layer at northern and southern
conjugate points is directly related tc; the sum of the components of wind velocity in
the magnetic meridian at the conjugate points. In a subsequent study, Bittencourt
ndk Tinsley [1977] have analyzed simultaneous measurements of the electron density,
Oj’ density and zenith 6300 A column emission rate obtained from the AE-C satellite,

o infer meridional wind speeds. Their results agreed with the models of the global

s

thermospheric wind system. The number of inferences made in this method is limited

because of the requirement that there exist asymmetries about the magnetic equator

n the ionospheric plasma parameters.

The other work repcrted in the literature concerns the AE-E measurements
of 6300 A emission by Burrage et al. [1990]. The satellite brightness measurements
of 6300 A emission are first subjected to a two-dimensional inversion technique to
obtain altitude profiles of tl}e volume emission rate. The volume emission rates are
then converted to electron density profiles, which provide estimates of the Fj layer
'height. In conjunction with MSIS-86 model to obtain neutral atmospheric densities,
the layer peak heights are used to derive meridional winds. They have taken .into
‘dccount the effect of zonal electric field by incorporating typical values obtained by
the ISR at the equatorial station, Jicamarca. They have thus demonstrated the utility
Qf the AE-E 6300 A data base for the investigation of the tropical neutrdl wind I;attern
as a function of latitude, longitude, local time and season. The main results arrived

_at by them are as follows.

In the Indian sector, the derived winds are almost. exclusively northward over

the entire latitude and local time range, indicating a clear summer to winter flow. A
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istinct abatement of northward wind in the midnight sector is observed during this
ammer season in the southern hémisphere. The results obtained by them compare
asonably well with both HWM-87 and TGCM models, which however, do not pre-
ct the midnight abatement feature observed both in Indian and Pacific sectors. The
@in limitation in this method is the inability to derive meridional winds very close
to the magnetic equator. Since the layer displacements due to meridional winds are

ry small near the equator, large uncertainties arise in the derived winds.
i) Meridional winds derived from ground-based ionosondes

This is the third method which is widely used by various workers and is based
n the servo model concépt of Rishbeth [1967]. Since the work of Ganguly et al.
1980] who showed that the servo model method can be successfully exploited to
’nderstand the ionosphere over Arecibo, and demonstrated its behaviour to be in
'ccor‘dance with the model prediction, various workers have attempted to determine
the meridional wind field from the vast amount of ionospheric data regularly archived
in the existing ground-based ionosondes [Buonsanto, 1986; Miller et al., 1986; Forbes
et al., 1988; Krishnamurthy et al., 1990]. These workers have proved on and often

that besides complementing the capabilities and shortcomings of other methods of

determining neutral atmospheric parameters, ionosondes-can provide data to validate

~ and cross-check with their own, the outputs available from various numerical models.

| The use of ionosonde data to infer meridional winds has attracted attention
because of the recognition that the /' layer peak height A,,,,, which is determined by
diffusion and chemistry, and is dep(;ndeut on magnetic latitude (Chapter 4, section
(4.3)), undergoes displacement (Ahy,,y), which is nearly linearly proportional to the
meridional component (U) of the neutral wind V[Rz'shbcth and Barron, 1960; Hanson
and Patterson, 1964; Rishbeth et al., 1978]». It the balance height can be computed

from a numerical model with realistic specifications of photochemistry and diffusion,
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and with the assumption that the effects of electric fields are unimportant, then this

method allows one to estimate meridjonal winds. This approach has been adopted

y Miller et al. [1986], who found reasonable agreement of their estimates with other

ndependent measurements available,

The method of Miller et al. |1 986] invol

ves the use of an ionospheric model

to develdp a relationship between the meridional wind and Au.,. This is done by

modeling the F layer at a few wind speeds. The meridional wind is then derived

by a comparison of the modeled and measured layer heights. They have obtained

:\better values of «, the constant of proportionality, from the ionospheric model at

various neutral winds by a linear regression through values of .. Fig. 5.2 shows

the comparison of their model results for Arecibo with Fabry Perot measurements

and those calculated from ion diffusion velocities obtained by the incoherent scatter

adar at Arecibo. The three results show agreement to about ~ 30 m/s all through

the night. However, as seen in the figure, the difference between their results and

those derived from ISR data is about 50 m/s at midnight when the wind speed is

rapidly decreasing.

Forbes et al. [1988] gave a parameterization of the linear dependence that exists

between Ah,,,, and Up. This study was taken up by them as part of an attempt to

\délineate the effects of latitud

1988] made use of the servo equations of Rishbeth [1967] and Rishbeth et al. [1978].
Rather th

inal penetration of ionospheric storms. Buonsanto [1986,

an computing o by modeling the F region at a few wind speeds as was done

By Miller et qol. [1986], he has used the MSIS-86 mo

del to determine o through its

dependence on the diffusion coefficient and the neutral scale height.

Krishnamurthy et al. [1990] made use of the ionosondes available in the equa-

toria] region of Indian sector to derive meridional winds. The ionosondes are located

at Trivandrum (8.6°N, 77°E, geographic; 0.8°S dip), an equatorial station, and at
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Fig. 5.2. Comparison of the derjved wind using ionosonde data with the direct mea-
surements of meridional wind over Arecibo using Fabry Perot Spectrometer and the
inferred wind (Up) made from jop diffusion velocities obtained by the incoherent
scatter radar at Arecibo. (after Miller et al., 1986)
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~ Fig. 5.3, Nocturnal variation of meridional wind obtained by Krishnamurthy et al,
- [1990] for the low latitude station, Sriharikota, (SHAR) in the Indian sector. Ionosonde
 data from Trivandrum, a station situated at the magnetic equator and from SHAR
(I = 10°N), slightly away from the equator, have been made use of for this purpose,



Sriharikota (SHAR) (13.7°N, 80.2°E, geographic; 10°N dip), a station slightly away
rom the dip equator. Assuming that E x B drift is the same at both stations, the

vertical drift at SHAR is given by

v = wvpcos! — Ucos/sin/ — wpsin? [ (5.1)

"wh_er‘e U is the meridional wind, wp is the plasma drift due to diffusion, vp is the
vertical drift over the magnetic equator and 7 is the dip angle. This is essentially
subtraction of drifts due to electric field and diffusion from the observed drifts at a
place where the meridional wind is to be estimated, to yield the drift due to wind. The
rate of change of A'F, the virtual height of the F layer, at both stations is assumed
_ to represent the drift velocity of the plasma. They have incorporated the effect of
apparent drift due to chemical loss. Fig. 5.3 shows the aver age nocturnal variation of
‘U (positive poleward) in the September month of 1988 as reported by Krishnamurthy
et al. [1990]. Recently, Sekar and Sridharan [1992] validated the above method and
showed that the existing ground-based ionograms can be effectively used for deriving
meridional winds during nighttime at least in the Indian sector. They have utilized
the bottomside ionograms available from SHAR and thermospheric and ionospheric
data obtained from a rocket experiment conducted in 1982 at’ SHAR, wherein high

altitude vapour clouds were released and the winds were estimated directly by ground

_ bhotography [Raghavarao et al., 1987].

Buonsanto et al. [1989] have discussed in detail the assumptions and uncer-

_ tainties involved in obtaining meridional neutral winds from ionosonde data. The

Ereatest uncertainty in the servo model derived winds is the uncertainty associated

With ion-diffusion coefficient. How close is Lhe ton-diffusion coefficient (ion-neutral

collision cross-section, as some authors prefer) determined by the currently avail-

able methods to the actual value is a reigning controversy. At night, when there
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are few collisions between ions and neutrals, the diffusion coefficient is larger, and
the uncertainties in the MSIS model parameters translate into greater uncertainty in
the diffusion coefficient, and therefore in the estimated wind. This effect becomes
~pronounced during geomagnetic storms, when there arise large changes in neutral
_composition and temperature [Prolss, 1987]. Buonsanto et al. [1989] found it neces-
sary to tune the servo model by changing the empirical constant ‘c’ appearing in the
servo equations, to obtain a better agreement between the winds derived from the
servo model and those derived from incoherent scatter velocity measurements. They
Edemonstrated possible deviations the derived winds can undergo from incoherent scat-
ter measurements when the allowed comﬁoSition changes during a severe magnetic

storm are incorporated in the servo model.

Another source of uncertainty lies in the electric field whose effects are not
‘vikncluded by any of the research workers. Miller et al. [1987] showed that for quiet
or moderate geomagnetic conditions; the effect of electric fields on the neutral wind
determination is generally small and usually smaller than the statistical uncertainties
in the calculation. In the present work too, it is shown (Chapter 4, section (4.6))
that the effect of él‘ectric ﬁéld in the low latitude thermosphere-ionosphere system is
relatively unimportant considering the immediate response of the layer to changes
_ In neutral temperature and meric'lional winds. However, it was proved by Buonsanto
et [1989] that during disturbed periods, the effects of electric fields must be

included in calculations of neutral winds obtained by the servo model method.

Finally, the effects of neutral temperature changes on the F' layer height are
Dot incorporated by any of the workers who derive meridional winds from ionosonde
and incoherent scatter line-of-sight ion velocity measurements. It is shown in Chap-

ter 3 (section (3.5)) that the currently available neutral atmospheric models do not

~ Tepresent the variation of neutral temperature properly on many nights, especially in
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ile low latitude regions covered under the present study. This effect on the derived
meridional winds is examinéd in onve of the sections to follow. It is demonstrated that
h’e changes in neutral temperature, in the wake of the well known. geophysical pro-
esses such as equatorial ionization anomaly, equatorial spread F' and thermospheric
nd F' region storms, which at times act as sources of energy inputs, must be included

_the servo model calculations to derive meridional winds.

5.5 Method adopted in the present study to de-
rive meridional winds

As described in the previous section, all the methods, namely, those of Miller et
d. [1986], Buonsanto [1988) and Forbes et al. [1988], employ the linear relationship
between the F' layer height displacement and the meridional wind which causes it, to

determine the latter parameter.

In the absence of electric fields, the poleward meridional wind

]1’0 — hmax Ahmax

‘) pond puand 5.2
P « a (5:2)

5 2H? cos I : . : R . :
where o = i) Domn T This follows from the linearization of the servo equafnon

(4.17) and the elimination of rate of change of layer height, dh/dt, being a valid

assumption in the F region,

The method adopted in the present work is similar to the one by Buonsanto
[1988]. Use of MSIS-86 model to determine the balance height h,, in the absence of
Up, and the constant of proportionality o at that height Ao, and the Ay, determined

by the true height reduction of lonograms, yields U, the neutral wind in the magnetic

meridian.




The spectroscopically measured néutral temperature is adopted as a repre-
entation of Ty, the exospheric tempe;ature, in the MSIS-86 model, to deduce the
neutral densities of O, O, and Ny, and obtain the relevant recombination and diffusion
coefficients (B, and D,,) at each height. The iteration method same as employed to
estimate the F' layer peak height in Chapter 4 (section (4.6)), is used to determine
ho from the servo expression (4.16). At tlﬁs height, as already stated in Chapter 4,
he diffusion and the loss due to recombination are of equal importance. The F' layer
peék height (hmax), at this instant, is found from the scaled ionograms obtained by

the ground-based ionosonde. Equation (5.2) then yields the meridional wind U,.

The uncertainty for the derived wind is given by

0 1/2
sU §h 2 §he  \* | [ba\’
= o max % — 5.3
U [(ho - hmax) + (ho - hnmx) * ( a ) J ( )

similar to that derived for Ay, in Chapter 4.

An hyax lower (higher) than k, implies poleward (equatorward) wind since the

result of the wind has been to move the plasma down (up) the magnetic field lines.

It is useful to analyzé the extent of linearity that holds between U, and A/zmax
(in equation (5.2)) before any estimate of meridional wind is made. This can be done
by solving the servo equation for the vertical drift of ionization, which in our case has

been assumed to be due to the neutral wind in the magnetic meridian. The result is

. Dm Si112 I hmax B ho & hmax - ho
—Uysinfcosl = Ty [exp {(—h—ﬁ——)J — exp [——L——I}-—J” (5.4)

To illustrate the response of the F, peak to different wind speeds and to
examine the nonlinearity in (5.4), the servo equation has been worked out for the solar
geophysical conditions as on 10 April 1991, and the result is shown in Fig. 5.4. The FP
 measurement in the premidnight hours on this night, yielded a neutral temperature

of 1071 K, which determines the balance height in the absence of wind to be at about
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Tinf — 1071 (April 10, 1991)
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Fig. 5.4. The expected response of the /" layer peak height, ., to different wind
speeds at the low latitude station, Mt. Abu. The servo equation (5.4) has been
solved for different /" layer peak heights and the result is the non-linear curve. The
dashed line represents the linear relation between the layer displacementéh,,,, and

the meridional wind.
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325 km. Dy, and H in (5.4) are the parameters at this height 4,. Equation (5.4) is then

~ solved for different F, peak heights to evaluate the corresponding meridional winds

_ which cause the displacement, Also shown in the figure, is the result of calculations

based on equation (5.2), i.e., the linear relation between Ahy,, and Up. It is evident

from Fig. 5.4 that the response of the & layer is nearly linear (the deviation is less

than 25 km) for equatorward wind speeds less than 200 m/s and for poleward wind

speeds less than 125 m/s.

The assumption of linearity would then lead to an underestimate (overesti-

mate) of equatorward (poleward) wind, which becomes significant if the layer gets

displaced upward (downward) by more than 100 km (50 km). These numbers differ

as the solar activity changes. For low solar activity period, it has been found that

the slope of the linear curve decreases which implies the effect of nonlinearity on the

 derived winds is slightly reduced.

5.6 Results on derived méridional Winds_from low
latitudes

The Fabry Perot Spectrometer which was commissioned at Mt. Abu (24.6°N, 72.7°E,

8eographic; 33°N dip) in 1985, has been yielding neutral temperatures since then and

meridional wind measurements since the winter months of 1989, Since the required

temperature stability of the etalon of about 0.1° C (which corresponds to an uncer-

tainty in wind of about 10 m/s), was achieved only during December 1989, direct

~ Measurements of neutral winds are not available for earlier periods. Making use of
 the ionosonde data that are

continuously being obtained from Ahmedabad (~ 2 de-

8rees in latitude south of Mt, Abu) and the temperature measurements from Mt. Abu,

Meridional winds are derived for the period 1986-1989, using the method described in

the previous section, Data be

longing to quiet days only are taken up for the present
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study.

Seven examples are depicted in Figs. 5.5a to 5.5g, to illustrate the results. Two

cases were considered for all the examples, one using MSIS-86 model temperatures

and the other using measured temperatures, and the differences between them have

been investigated.

Figs. 5.5a to 5.5d show the winds derived for four nights of data during Oc-

tober 1986. The agreement‘between the winds derived using measured 7, and those

derived with model 7}, is overall good except at times when the measured 7T, deviated

_ considerably from the model T,

(section (3.5)). From equation (5.2), for a given A

i .

o and «a. Since the change in &

. These differences have been shown in Chapter 3

max, the derived wind depends on

o is more than that in o with height, the merid-

onal wind increases in magnitude (more poleward or less equatorward) if the balance

eight %, determined by the measured T, is greater than that determined by model

T A striking example has been the résult on 27 October (Fig. 5.5d). The deviation

between the curves of about 30-50 m/s is seen throughout the period for which 1,

measurements are available. This implies an uniformly higher neutral temperature

fll&n what MSIS-86 mo

del predicts for this night. Five out of seven T

n Measurements
on this night were atleast 125 K more than the model values (as can be seen in
. \

Chapter 4, section (4.5)).

On 23 and 24, October (Fig. 5.5a and 5.5b), apart from differences in the

Tange 50-70 m/s at certain times, the trend appears to be the same in both the cases

for these days. On 26 October (Fig. 5.5¢), the direction of the wind was opposite to

€ach other for the two cases in the time period 2000-2130 h. The deviation was as

~arge as 150 m/s. There happened to be a cross-over on this day implying that the

temperatures in the time period 2000-2130 |

1 had been less than the model values

While those after about 2130 h had been more than what were predicted by the MSIS
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Figs. 5.5¢,d. Same as Figs. 5. 5a,b but for 26 October (top panel) and 27 October
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Figs. 5.5¢,f. Same as Figs. 5.5a,b but for 23 November (top panel) and 1 December

(bottom panel), 1986.
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Mt.Abu/Ahmedabad

7 Feb.13,1988 »++++ Wind using measured Tn
200 Ap =14 ‘Wind using model Tn
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Figs. 5.5g. Same as Figs. 5.5a,b but for 13 February 1988.
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model (Chapter 3, section (3.5)). Despite small differences, for days 23 November and
1 December, 1986, the agreement was good (Fig. 5.5e and Fig. 5.5f). The poleward
. wind on 1 December need not be as large as depicted in the figure, since the pole-
ward wind is always overestimated depending on to what height (Amax) the layer is
_ pushed below the balance level (/). However, the equatorward wind is only slightly
overestimated as explained in the last section. On 13 February 1988 (Fig. 5.5g), the
differences between the two cases considered were significant (~ 150 m/s) at least at
two different times (the differences in temperatures between the model predictions

and the measurements can be seen in Chapter 4, section (4.5)).

The number of measurements on nights »clected for this case study has been

limited extending only upto midnight. This being a solar minimurmn period, the airglow

. intensity had decayed rapidly after about 2300 h leading to the rejection of emission
~ profiles for the retrieval of Doppler information. With modifications to be made
shortly in the optics that would enhance the flux gathered by the detector of the
; centrél—aperture scanned Fabry Perot, it is hoped that we would be able to retrieve
the Doppler parameters even beyond midnight, even during periods of weak eiiission

~as one encounters during solar minimum.

.

The important results we arrive at, in the present study, are the following:

]

o The balance height (A,) of the F, peak, in the absence of winds, is determined

by neutral temperature.

e It has been shown that the measured temperatures need to be incorporated in all
calculations associated with the derivation of meridional winds from ionosonde

data.



.7 Nocturnal and seasonal variabilities of merid-
ional winds

1 order to understand the nature of the forcings which establish the neutral wind
atterns, it is necessary to study the variation of thermospheric winds over different
periods ranging from a few hours on a given night to a solar cycle. The amount of
available data in this regard for the low latitude and equatorial regions is very less. As
reviewed in section (5.3), Biondi et al. [1990, 1991] and Burnside and Tepley [1989]
have attempted to understand the behaviour of thermospheric winds over Arequipa,
Pertl and Arecibo, Puerto Rico, respectively over a long period. In their analysis,
they have made use of the fact that the solar radiation acts as a principal driving
force that sets up the wind patterns, and obtained overall agreement between the

_expected and the observed wind variations.

Though averaging individual measurements over a month or a season masks
the day-to-day variations as well as features such as gravity waves occurring on a

shorter time scale, say, a few hours on any particular night, it still yields fruitful

results for variations on a longer time scale. The results we presented in Chapter
3 (section (3.5)) on neutral temperature measurements, suggested that only about

65 % of variations observed in them can be explained by the solar cycle dependence

of thermospheric temperature and for the remaining, other physical processes must be

_ operative which at certain times, control the temperature variations. In this section

and the following chapter, we shall discuss these processes at large. Issentially, they

compete with the solar forcing to establish the temperature and wind patterns, and
_ the measurements reported herein probably are the result of this intimate competition

within the solar-terrestrial environment.

As already mentioned in the last section, meridional winds have been derived



for the perio& 1986-1989 when both measurements in neutral temperature and iono-
spheric peak height (Amay) are available, using{the servo model concept described in
Chapter 4. It has been shown earlier that the balance height of the Fy layer peak
is determined by the neutral atmospheric parameters, namely, temperature and den-
sities and that the meridional winds act as a pertu‘rbation on the equilibrium state
_of the F' region. In the last éection, we have seen that winds derived from model
E temperatures differ significantly at certain times from those derived using measured
temperatures. This has been the case when we adopted the case study approach.
‘lHowever, for an average picture over a long period, say, a month, it is suffice that we

_make use of the model temperatures to derive meridional winds.

We present an example in Fig. 5.6 wherein the average winds obtained from the
two different methods for the month of October 1986 are depicted. The spectroscopi-
cally measured neutral temperature and the ionospheric peak height Ay., determined
by the true height reduction of lonograms obtained from the ground-based ionosonde
located at Ahmedabad, are made use of, at each instant, to estimate meridional winds,
_using the servo principle. MSIS-86 model exospheric temperature is also used to de-
rive atmospheric densities and hence winds. The estimated wind values are sorted
~out in bins of half an hour duration and are then averaged for all the nights. The ver-
tical bars (given only for winds derived using measured temperature) associated with
each point represent the 1o deviation among the individual estimated values. It can
’be seen that the winds derived using the atmospheric parameters determined by the
MSIS-86 model for the two cases, namely, the measured temperature and the model

_temperature are within 1o except for the large deviations near midnight. It is to be

Doted that the results presented in Chapter 3 indicated a large deviation in average
temperature from the model prediction for this month (October 1986) after 2200 L.

Since both equatorward winds and increase in neutral temperature act together in

raising the height of the F, peak, the role of equatorward winds is magnified if one
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F'ig. 5.6. Average derived meridional winds over Ahmedabad for October 1986, using
the ionospheric data. Wind derived using measured T, and those derived using model
T, are compared.
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ses the lnddél temperatures which élow]y'decrease throughout the night. This effect
tends to get nullified if we consider the av‘erage picturé since the increase in measured
T, is not observed on all nights and does ﬁot océur at the same time. Thus for gross,
“ average, features, the winds derived using the atmospheric densities determined by
e model temperature can be taken to represent the average nightly variations in
-'."\d\lermospheric winds. However, for the individual case study approach, we stress
the importance of observed neutral temperature and its variations which need to be
incorporated in deriving meridional winds.

For the pfesent study, we have also used the horizontal wind moclei (HWM)
of Hedin et al. f1988] and the vector spherical harmonic model of Killeen et al
[1987]. The HWM is an empirical model based on wind data obtained from the
AE-E and DE 2 satellites. A iimited set of vector spherical harmonics has been
used to describe the zonal and the meridional components of horizontal wind. A
modified version of the model is now available [Hedin et al., 1991]. The VSH model

is based on the output from a set of runs of the NCAR Thermospheric-lonospheric

General Circulation Model (TIGLCM) [Dickinson et al., 1981] generated on the Cray
supercomputer in Boulder, Colorado. An advantage of the VSH model is that the
geophysical fields of interest can be obtained over a wide range of solar-geophysical
conditions, even on a computer with modest storage requirements. These models
are more commonly used nowadays among the upper atmospheric researchers, since
they not only provide an understanding of the spatial and temporal variation of the
geophysical parameters but also help in testing them against the direct measurements

available and thereby aid further understanding.

The average derived winds and their variations for the seasons (post-equinox
and winter) under study are depicted in Figs. 5.7a to 5.7d, the post-equinoctial months

being October and November (belonging to years 1986 and 1988 respectively) and
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Fig. 5.7a. Nocturnal variation of derived meridional winds over Mt. Abu/Ahmedabad
averaged for October 1986. The horizontal wind model (HWM) prediction is shown
for comparison.
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Fig. 5.7b. Same as above but for November 1988.
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January, 1988
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7 Fig. 5.7c. Same as Fig. 5.7a but for January 1988.
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Fig. 5.7d. Same as Fig. 5.7a but for February 1988.
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he winter months being Jamua,ly and February (1988) Due to the limitations in the

\OT\OQP\NQYJC ~ $ov this epock

ava]labxhty of - data,}\ we have se

rage number of nights for each month being only 6.

lected only four months for this exercise,

the ave The data belong to quiet

geomagnetic conditions. For each of these months, the horizontal wind model is run,

and the result is also depicted along with the average variation of estimated winds.

The vertical bars represent the night-to-night variations in the derived winds.

Figs. 5.7a and 5.7b show the variation of average derived meridional winds

for the months of October (1986) and November (1988). In the post-equinoctial

peI‘lOd the winds exhibit considerable deviations from the model predictions in Oc-

tober 1986, while the agleement is reasonably good during November, 1988. During

October, as discussed earlier, the equatorward wind becomes very large and shows

maximum amplitude (~ 200 m/s) at about 2315 h. The wind shows a constant speed

of ~ 50 m/s near midnight in the month of November.
Similar variations are seen in the winter months of 1988. The HWM yields

small equatorward wind speeds of less than 30 m /s throughout the night, in January.

A strong transequatorial flow (from the southern hemisphere) is expected to get su-

e net result is a weak equatorward

rd ﬂow, the

~ perposed over the normal equatorward wind and th

 wind. Though a transition is seen from the poleward to the equatorwa

 estimated wind magnitudes are mgmﬁccmtly higher than the model values, near and

after midnight. The smallest vertical bars indicate the sparsity of 1 1onograms available

during the particular time slot, while the largest error bars indicate the large day-

to-day variations in the derived wind at 1o level. The average picture that emerges

for these two seasons is that there exists a poleward or a small equatorward wind in

the early part of the night which then becomes an equatorward wind of large mag-

nitude (150 to 200 m/s) near midnight. There are not much differences in the wind

variabilities between the two seasons, the overall features remaining similar.
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sonal variations exhibited by direct measure-

Before we discuss about the sea

nents of meridional winds, a few comments assumne significance regarding the results

resented above. They are only a  few examples selected during the solar minimum

cars 1986-1988 to show the sort of variations the meridional winds undergo for the
\ Q

v;/o seasons (post-equinox and winter). Though it had been demonstrated earlier that

uring this solar epoch, the use of model temperatures instead of the measured ones

does reasonably represent the actual conditions, these would not be valid during the
period when the swings in the observed temperature variations are

(section (3.5)). This is illustrated

solar maximum
significantly larger as has been shown in Chapter 3

by examples shown in Figs. 5.8 and 5.9. In Fig. 5.8, the direct measurements for 17

February 1991 are compared with winds estimated for the two cases discussed earlier.
The estimates using measured T, are seen to follow closely the measured meridional

winds than those using model Ty, implying the importance of temperature variations

in influencing the derived winds. There has been a systematic difference in wind
magnitudes between the two estimates in the time sector 2000-2200 h. While the
estimated wind with measured T, determining the balance height A, does show the
transition to poleward as exhibited by the direct measurements, the wind with model -
T., continues to blow equatorward. The large differences between both the estimates
and the measurments in the late night hours are due to electric fields not being t_‘a,ken

into account while deriving the meridional component of the neutral wind.

Fig. 5.9 depicts the average variations exhibited by direct measurements and
the estimates based only on model temperatures for the month of December 1989.
z'i‘lle vertical bars attached to each data point in the case of measured mean winds
indicate the night-to-night deviations in the observations. On comparison between
the two, significant differences are evident especially in the 2200-0000 h sector. The
average observed wind had brecome poleward at about 2230 h whereas the derived

‘wind remained equatorward with a magnitude of ~ 100 m/s. There are differences
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Fig. 5.8. Comparison of meridional winds derived using ionospheric data for the two
cases, namely, those with measured T, and those with model T}, with spectroscopic
measurements of meridional winds for 17 February 1991. The significant effect of
measured neutral temperatures in influencing the derived winds may be noted.
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Fig. 5.9. Comparison of derived winds based only on model tenlnperatures with diréct

measurements for December 1989.
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in the early ﬁlorﬂing hours as well. These examples strengthen the conclusion arrived
at in the last section that the effects of temperature variations need to be incorporated

while deriving meridional winds from the ionosonde data at least during periods of

 Long-term variability of measured meridional winds

As had been mentioned earlier, the direct measurements of meridional winds
are being made since the winter months of 1989. The required stability of the Fa,bry
Perot etalon is about 0.1° C for useful data on line-of-sight winds. Though the
_thermal stability of the etalon has been achieved upto this desired limit, during certain
campaigns, the drifts observed have been very large and the data belonging to these
measurements are not considered for énalysis. Even on nights when we could maintain
the required stability, the intensity of 6300 A happened to be too low during the
“early night period and éxhibited fast variations during subsequent times calling for
extreme care in selecting the line profiles for analysis. Due to these various réasons,
we have a limited data base on direct measurements of neutral winds. In spite of this

limitation, important results and conclusions have still been arrived at, and these will

be discussed shortly.

Fig. 5.10 shows an example in which the measurements of meridional wind
made on 28 December, 1989, from Mt. Abu are compared with the VSH and the HWM
model runs. The VSH model prediction for this night indicates a poleward wind all
through the night implying a transequatorial flow of air originating in the southern
(summer) hemisphere. The HWM model predicts a small equatorward velocity (~
30 m/s) around midnight. The measurements show a wavy pattern of a periodicity
of about 4 hours, the maguit.ude and the direction differing signiﬁéantly from the
models. The possibility of sources of such large deviations of the observed values

from the model predictions will be discussed later.
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Fig. 5.10. Comparison of measured meridional wind with HWM and VSH model
results for 28 December 1989.

Averaged meridional winds over Mt.Abu (Dec.89)
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Fig.5.11a. Nocturnal variation of measured meridional winds from Mt. Abu for De—
cember 1989. Individual spectroscopic measurements are plotted here. The contin-
uous curve depicts the average values of data points put in slots of half an hour
duration. '

195




Avevroged meridional winds over Mt.Abu (Feb:91)

Poleward wind (m/s)
o
o
|
— :
-

-300 T r x u :
19 21 23 01 03 05
Time (IST) Hrs.
Fig. 5.11b. Same as Fig. 5.11a but for February 1991.
Averaged meridional winds over Mt.Abu (April 1991)
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Fig. 5.11c. Same as Fig. 5.11a but for April 1991.
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Webshall be deviating from fhe case study approach we have adopted till now,
and look at the .‘gross features in,dicatiﬁg the response of the thermosphere to the
underlying forcings. For such a study, it is necesisary that the number of measurements
is large enough vto draw aﬂy meduingful statistical inference. Adopting a criterion of
at least 30 individual measurements needed from a campaign, we have selected three
months; namely, December (1989) and February (1991), and the equinox month of
- April (1991). The total individual measurements (data points) run upto about 140,
the largest of 65 being in the December month. The method of averaging is the
same as described earlier. The results are shown in Figs. 5.11a, 5.11b and 5.11c¢ for
these three months. Individual measurements are also shown so that the day-to-day
variabilities become evident. A first look at these figures indicates that the measured
winds are largely in the equatorward direction. Though the day-to-day variations are

significant, still a.systematic pattern emerges for each of these months.

The results for December 1989, are depicted in Fig. 5.11a. The average A,
valu'e during this moderately disturbed period had been 19, the lowest being 10 on 28
December and the highest being 26 on 22 December. There had occurred a.geomag-
netic storm on 29 December with A, value of 50. We have not considered the data
belonging to this day, which incidentally happened to be the last day of the campaign

during this month. For the remaining period, we can safely assume the geomagnetic

activity to be moderate to low.

With the exception of large variability following sunset hours, the winds fit into
a pattern during December 1989. From a large equatorward wind (of about 100 m/s),
the average wind either approaches small equatorward or turns poleward between 2100
to 2300. From 2300 h onwards, the equatorward wind gains in magnitude and reaches
its highest amplitude of ~ 150 m/s at about 0130 h. There is a tendency to become

poleward at 0300 h after which the wind becomes equatorward once again.
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Let us look into the wind pat.tern for the month of February (1991), depicted

‘in Fig. 5.11b. This has been a geomagnetically quiet period (average A, value for
the period of observations during this month béing 10). The day-to-day variability
_is large for this month when cdmpared to other months. However, a closer look
 suggests that it is not much different from the average picture that has emerged for

the month of December. The mean wind in February is poleward around 2100 h

which then gradually becomes equatorward. Since the largest changes in intensity

~ occur around midnight and immediately after, the number of measurements is less

_ during this period. However, there is a clear transition to poleward at about 0300 h,
the trend being similar to the one that occurred during December. These might be

the characteristics of a winter season.

The variation for the month of April (1991) is depicted in Fig. 5.11c. This
also has been a geomagnetically quiet period (average A, value for the period of
~ observations during this month being 9). In this month also, the winds tend to follow
an established pattern. A large equatorward wind often occurs in the early night hours
which then reduces in magnitude, sometimes becoming poleward at about 2300 h. At
about 0300 h, the average wind reaches its highest amplitude of about 175 m/s after
which the wind decelerates. An important point to be noted here is that the time
at which the equatorward wind attains the maximum speed is ~ 2 hours later when

compared to December and February months.

Even with a limited data base representing winter and equinoctial periods,
there emerges systematic behaviour of thermospheric winds in these two seasons. In
both the seasons, the wind makes its transition to poleward for a brief period at
about 2300 h. In the winter months; the equatorward wind reaches its highest value
at about 0100 h while during the equinox period, the maximum equatorward wind

occurs at about 0300 h exhibiting a shift in phase of about 2 hours.



It is Worth comparing the seasonal behaviour of winds over Mt. Abu with
that at other latitudes. At Cachoeira Paulista (22.7°S, 45°W, geographic; 16°S dip
latitude), Brazil, during winter nvlonths,_ the wind velocities are poleward early in
the night, reduce to zero around midnight and change to poleward again. During
the spring-equinox period, the average winds are largely equatorward in the pre-

midnight hours which then reduce in magnitude to zero around 0100-0200 h [Sahai

et al., 1992]. They report that the wind patterns are similar to those predicted by
: HWM-87 and HWM-90 and apart from some discrepancies in absolute magnitudes,
the trends appear to agree. Considering that their observing location is situated
-within the purview of equatorial ionospheric and South Atlantic magnetic anomalies,
their result that the wind patterns are in overall agreement with HWM models needs
to be considered carefully. Biondi et al. [1991] have compared the winds over A1e-
quipa (16.5°S, 71.5°W, geographic; 3.2°S dip latitude) with those observed at Arecibo
(18.6°N, 66.8°W, geogr aphic; 30°N dip latitude). The early night winds during winter
at both the locations are weakly poleward, reversing direction in the later part of the
night, conforming with the expected nocturnal pattern. At Arequipa, the data during
equinox periods indicate a large equatorward wind in the early part of the night which
then dies down to zero around midnight and again becomes weakly equatorward in
the late night. Biondi et al. [1991] have compared the winds over Arequipa Witl\] the
airglow data of Burrage et al. [1990] and the findings are in agreement with the sense
of a general transequatoriar flow at the solstices. From these results it is difﬁclult

to construct a coherent picture for all the low latitude stations located at different

longitudes.

- Biondi and Sipler [1985] observed some unusual features in the flow of ther-
mospheric winds and the températures over Natal (5.9°S, 35.2°W, geographic; 6.4°S
~ dip latitude) identical to those observed earlier in midlatitude studies [Hernandez,

1982¢]. On a particular night of 26 August 1982, they have observed convergence in

199



meridional wind between 2100 to 2330 UT accompanied by a downward wind and
an associated temperature increase. The geomagnetic activity had remained low and
hence their effects can be ruled out. Owing to the renewed interest by the work of
Raghavarao et al. [1991, 1993] wherein one of the first direct experimental evidence
for the presence of Equatorial Temperature and Wind Anomaly (ETWA) colocated
with the EIA, the EIA and its associated effects on thermospheric circulation have
become relevant. The meridional wind measurements from Mt. Abu appear to pro-
vide credence to the hypothesized circulation cells associated with ETWA getting set

up. We shall be discussing this process and the relevance of our measurements in

detail in the next chapter.

To conclude,

o The predictions made by the wind models, namely, HWM and VSH, do not

agree with the observations from low latitudes.

e The observed features are considerably different from those reported from other

latitudes showing significant longitudinal difference.
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Chapter 6 |

Large scale geophysical processes
over low latitudes

The geophysical processes that have direct relevance to the low latitude thermosphere-
ionosphere system are (1) the midnight temperature maximum and (2) the equato-
rial ionization anomaly (EIA) associated processes. The influence of cach of these
processes is only beginning to be understood now as more and more evidences like
equatorial temperature and wind anomaly, the midnight abatement of equatorward
wind observed at low latitudes, etc., that show the interactive dynamical coupling
between the thermosphere and the ionosphere, are coming up. In this section, we
do not intend to give a complete background to the basic phenomena listed above,
rather we shall provide a brief review on the current understanding of these processes

drawing examples from the present study whenever possible, and present some of the

results we have obtained in this regard.

6.1 The midnight temperature maximum

The first manifestation of the midnight temperature maximum was brought out by the *

airglow observations carried out during an expedition along the Pacific coast of South
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America [Gv*éenspan, 1966]. The sx_leseq-ueht work by Nels-on.(m(l Cogger [1971] who
~ bbserved 6300 A airglow enhancements at Arecibo, 2.Lll(1 Bc}wzkc and Harper [1973]
_who inferred an abatement of equatorward wind using the incoherent scatter radar
:vat Arecibo, arrived at the same conclusion, that a single physical process, namely,
the midnight temperature maximum (MTM), is resimnsible for these observed fea-
tures. Using the Jicamarca incoherent scatter radar situated at 12 degrees south of
‘the geographic equator, Bamgboye and McClure [1982] inferred from ion temperature
measurements, the seasonal behaviour of the occurrence of the MTM. Herrero and
Spencer [1982] confirming the earlier results, generated maps of thermospheric tem-
peratures at four different altitudes and for four seasons that showed the horizontal
distribution of the MTM within a latitudinal belt of + 20° centered about the equa-
tor. They have used the AE-E measurements of gas kinelic temperature [Spencer
et al, 1973]. Optical observations using Fabry Perot Spectrometer by Sobral et al.
[1978], Herrero and Meriwether [1980], Friedman and Herrero [1982], and Burnside

et al. [1983] supported the inferences made earlier that the neutral temperature near

the geographic equator shows a maximum at about midnight. Following the direct
in situ measurements of this feature by the NATE experiment on board AE-E satellite
[Spencer et al., 1979], Mayr et al. [1979] formulated a theory based on tidal phenom-
ena to explain the observations that holds till today. A brief account of their theory

is given below.

The thermospheric tides at /7 region heights is basically diurnal in nature,
driven in situ by the solar EUV radiation. The resulting meridioual winds are gener-
ally poleward during the day and equatorward during the night (especially during the
equinox). Near the equator, the zonal winds are responsible for transporting energy
and momentum from the dayside toward the night side. The neutral air motions at
thermospheric heights are slowed down by their frictional interactions with ions. This

lon-neutral momentum coupling is responsible for the generation of semi-diurnal tides
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and hence thé midnight temperaturé maximum. As the physical reasoning goes, the
larger ion density during the day impedes the wind motion and an increase in tem-
perature is expected to develop since the energy does not get transported efliciently
toward the nightside. A lower ion density during the night leads to greater speeds of
neutral winds which leads to more efficient depositién of energy and momentum on
the nightside and this gives rise to a larger temperature there than what normally is
expected. The result is the generation of a semi-diurnal component in the variation
of ineutra‘l-temperabure on a given day. Similarly, a semi-diurnal wind component,
on its interaction with the diurnal variation of ion-drag, is expected to give rise to a
terdiurnal component in the temperature variation and so on. The variability in the

tidal modes accounts for the lability of the MTM.

Fig. 6.1 shows a block diagram illustrating these interactions that lead to the
‘observed anomaly in the midnight temperature. The semi-diurnal tide of the upper
atmosphere is due to the tidal waves originating in the lower atmosphere (for example,
the semi-diurnal tides generated due to the ozone and water vapour absorption of solar
UV radiation) and propagating upwards and also due to the momentum coupling
associated with the diurnal variation in the wind field and ion density. Mayr et
al. [1979], with the above conception of basic interactions between the neutral wind
field and the large diurnal variations in ion density, obtained theoretical results that
are in close agreement with the observed MTM. Tig. 6.2a shows an example of this
observation from a particular orbit (6431, Day 77041) of the AE-E satellite which
indicates that the magnitude of the MTM at a latitude of about 17°S in this example,
can sometimes be as large as the principal daytime maximum. The behaviour of the
meridional wind as revealed by the data from orbit 9261 (Day 77217) of the AE-E
satellite is depicted in Fig. 6.2b. The equatorward wind (positive velocity) reached
1ts maximum speed at about 2200 I local time and the reversal occurred at midnight

and at about 16°N latitude.
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Fig. 6.1. Schematic of physical processes that lead to midnight temperature maximum

(MTM) near the geographic cquator. (after Mayr et al., 1979)
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Fig. 6.2a. An example illustrating the observed midnight tempefature maximum
(MTM). The data belong to orbit 6431 (Day 77041) of the AE-E satellite pass. (after

Herrero et al., 1993)
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I'ig. 6.2b. The meridional wind (positive southward) feature illustrating the occur-
rence of MTM. The data belong to orbit 9261 (Day 77217) of the AE-E satellite pass.
(after Herrero et al., 1993) '
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Two temperature maps of AE-I d@ﬁzn obtained by Herrero and Spencer [1982]
are depicted in Figs. 6.3a and 6.3b. The temperatures measured from 1700 to
0600 h LT in all the passes during the summer period in the northern hemisphere
have been averaged to obtain the two dimensional horizontal distribution of the ther-
mospheric nighttime temperature maximum (shown ‘st shaded contours). These two
maps correspond to two different heights, namely, 250 and 350 km respectively. The
V-shaped feature in the MTM is represented well in the top panel of this figure. At
9250 km altitude, there occurs a pronounced maximum near the equator, which then
shifts to northern latitudes first. The maximum appears in the southern hemisphere
too about 2 hours later. However, the bottom panel, which represents the distri-
bution of temperatures at 350 km altitude does not reveal this feature clearly. The
maximum at the equator is not well pronounced and there arise secondary maxima
in the late night hours both in summer and winter hemispheres. The presence of the
secondary maxima may be attributed to the dominance of higher order tidal modes.
The absence of the MTM at the equator suggests that either the disturbance does
not reach this altitude propagating from below or some other process (whose role is
equivalent to a dominant term among the higher order modes) acts in opposition to
the development of temperature anomaly. However, at equinoxes, the MTM 1is quite
prominent at the equator at altitudes as high as 370 km and this is clearly seen in

the temperature maps of Herrero and Spencer [1982].

The consequences of the MTM on the dynamics of the thermosphere-ionosphere
system are many. The abatement of the equatorward wind and its reversal are regular
features in the low latitude sector [Behnke and Harper, 1973; Friedman and Herrero,
1982; Burnside et al., 1983; Herrero et al., 1988]. The [ layer responds to these
changes in wind and moves downward as the equatorward wind abates. One of the
means of inferring this vertical motion is the monitoring of 6300 A airglow intensities

[Nelson and Cogger, 1971; Sobral ¢t al., 1978; Herrero and Meriwether, 1980].
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Fig. 6.3a. Thermospheric temperature map obtained by the AE-E satellite for the

solstice period (summer in the northern hemisphere) of 1977 for an average altitude
of 250 km. (after Herrero et al., 1993)
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Fig. 6.3b. Same as above but for an altitude of 350 km.
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A collapse of the F' layer increases the r>ec‘ombina,tion rate of molecular oxygen ions and
electrons, and hence the emission rate of 6300 A line increases. Another effect which
becomes prominent during geomagnetic storms at midlatitudes, is the meridional
intensity gradient (MIG) in the 6300 A airglow intensity. An interaction of the winds
associated with geomagnetic disturbances, with those of MTM leads to a zone where
both the processes are equally important. In this region, sharp changes in F' layer
height are o>bserved which gives rise to the observed intensity gradient in the magnetic

meridian [Herrero and Meriwelher, 1980].

The tidal theory of Mayr et al. [1979] is quite satisfactory in reproducing the
observed phenomenon of MTM with respect to seasons. However, there are certain
unexplained features like the absence of MTM over the equator at 350 km altitude,
that need detailed investigation for a better understanding of thermospheric structure

and dynamics during nighttime in the equatorial and low latitude regions.
Meridional winds from equatorial and low latitudes

In this context some of our results on the meridional winds from the region
of EIA and as well as the winds derived from using two ionosondes one right over
the dip equator and the other slightly away, are important. The movement of the
F layer over the dip equator is purely due to electric fields while-at locations sza,y‘
from the equator, the effect of meridional winds also is present. Under certain valid
assumptions [Krishnamurthy et al., 1990; Seckar and Sridharan, 1992], meridional
winds were estimated for a few occasions when direct measurements were available
from Mt. Abu, during the months of February and April, 1991 [Somayajulu, personal

communication].

Figs. 6.4a to 6.4e show the comparison of the winds measured from Mt. Abu

and those derived for the low latitude station Sriharikota (SHAR) (13.7°N, 80.2°,
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latitudes: Mt. Abu (24.6°N geographic) and Sriharikota (SHAR) (13.7°N geographic)
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sonal communication)
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geographic; 10°N dip). During February, there appears to be a systematic phase
difference in the variabilities ranging from 2 to 4 hours and always the Mt. Abu
measurements were lagging in phase. The preceding of the reversal to poleward wind
over the equatorial zone indicates the source to lie over the equatorial zone. It is
suggested to be due to the midnight pressure bulge and the temperature maximuim
prevalent near the equator. However, the situation is drastically different during April.
The winds over Mt. Abu and SHAR show contrasting features on 11 April. The wind
had been poleward over SHAR till about 0330 h when a reversal had occurred while
equatorward winds of high velocities (100-150 m/s) have been observed over Mt. Abu
on this day. On 12 April, the winds over both the places appear to be in phase. The
comparison for the month of April does not reveal any clear phase difference between
the wind velocities as had been noticed for the month of February, over two low
locations separated by about 20 degrees dip angle. It is suggested here that during
the equinoctial month of April, the EIA phenomenon might have had a dominant role

to play in altering the wind patterns over the low latitude zone.

6.2 The EIA associated processes

The equatorial ionization anomaly manifests itself as the most pérsistent feature of
thermosphere-ionosphere coupling. The F' region of the ionosphere exhibits pro-
nounced peaks of plasma density occurring on either side of the magnetic equator at
dip latitudes between 10° and 20°. This feature is known to persist during most of the
day often extending to nighttime. The interaction of plasma with horizontal electric
and magnetic fields in conjunction with diffusion along magnetic field lines produces
the crests of lonization at these latitudes and a resultant trough over the magnetic

equator. The dynamo-electric field of I region origin drives the [ region plasma
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vertically upward over the equator which then diffuses downward along the mag-
netic field lines [Moffett, 1979]. This action responsible for the equatorial ionization
anomaly, produces significant effects on the ionosphere and the neutral thermosphere,
and induces close interactions between them.

1. Behaviour of the post-sunset and nighttime I region at the crest loca-
tion of ETA

The location of the ionospheric measurements made under the present sudy,
i.e., Ahmedabad, is at a dip latitude of about 18°N and is situated very close to
the northern crest of the EIA in the Indian zone. This presents an ideal situation
for studying the close interaction between the crests of enhanced ionization and the
neutral thermosphere which is believed to result in the anomaly in neutral tempera-
ture and zonal winds (ETWA), and to initiate additional meridional circulation. The
diurnal development of the EIA and its dependence on season and the phase of the
solar cycle have been well discussed. in the literature [Raghavarao et al., 1988; Sastri,

1990; and the references cited therein).

It has been observed by Woodman [1970] that the horizontal eastward electric
field during sunset hours is often enhanced before its reversal. The causes of this
enhanced horizontal electric field at the equator have been discussed and modeled
byﬂseveral workers [Rishbeth, 1971Db; Heelis et al., 1974; Stening, 1981; Farley et al.,
1986] based on the F" region dynamo. The neutral winds at /7 region heights are now
known to establish the [ region dynamo action by its horizontal motion across the
magnetic field over the equator [Rishbeth, 1971a; Rishbeth, 1981]. The horizontal F
region winds drive net upward currents, which in the event of the decay of E region
conductivity to very low values after sunset, produce vertical polarization fields that
are responsible for the east-west plasma drifts. Recently, Haerendel and Eccles [1992]
have pointed out the role of equatorial clectrojet current near sunset in the post-

sunset enhancement of the castward electric. field and the consequent vertical drift
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over the magnetic equator.

The enhancement in the eastward electric field after sunset leads to large
vertical plasma drifts at the equator thereby renewing the fountain action. When
the electric fields are eastward, the ionization gets pumped upward that subsequently.
diffuses downward along the magnetic field lines to reach the crest locations of the
equatorial ionization anomaly. Making use of the ionospheric data in the African
zone, Rao [1963] first observed the occurrence of the strengthening of the anomaly
in the time period 2000-2200 h, in the form of enhancements of ionization density
near the crests. Lyon and Thomas [1963] studied the characteristics of the evening
anomaly in the African, American and East Asian sectors. They showed that the
enhancement of the anomaly during the evening hours is caused both by a reduction

in N, Fy at the equatorial trough and increases near the crests.

In a later study by Sastri[1982], the characteristics of the post-sunset feature of
the EIA over the Indian sector have been brought out. Signiﬁcant positive correlation
has been obtained between the post-sunset rise of the F region and the depth of the
anomaly (ratio of f,F, at the crest to that at the trough) on quiet days of summer
and equinox periods. With a delay of 2 hours, the f,Fy at the crest also shows a
positive correlation with the evening rise of the F' region at the trough (over equator).
However, the comparison revealed a poor correlation during winter months. The
presence of poleward winds which would not only strengthen the fountain action by
bringing the jonization down along the magnetic field lines but also lead to increased
loss of ionization at heights where recombination occurs at a faster rate, has been
invoked to explain the poor correlation between the [,y al the crest of the EIA and

the rise of the I layer over the magnetic equator.

Before showing some of the results we obtained on the behaviour of the /¢

region in the post-sunset hours over Ahmedabad, we reproduce the vector plots of

213




S

Hanson and Moffett [1966] in Figs. 6.5a and 6.5b that illustrate the fountain action.
The results obtained by them from' the solutions of the continuity equation for elec-
trons in the F} region, were for vertical drifts of & 10 m/s at the equator. The motion
of the ionization flux at different heights with respect to the magnetic field lines is
depicted in these figures. The eastward electric field during daytime leads to the
upward E x B drift of the plasma (Fig. 6.5a). Since the collision frequencies of ions
with neutrals decrease upwards, the plasma near the magnetic equator readily diffuses
down along the magnetic field lines at higher heights. Computations of Hanson and
Moffett show that the plasma at the F, peak height of 450 km altitude near 17° dip
latitude is not transported from very great heights but instead, is transferred almost

horizontally from lower latitudes.

An examination of Fig. 6.5b shows a clear development of inverted fountain
when the drifts over the equator are downward. This typically happens during night-
time when the electl.'ic field at the equator reverses its polarity [Fejer, 1981]. During
this period, the magnetic flux tubes containing the plasma (‘frozen in’ condition) are
‘sucked’ in towards the equator. These results further show that below 400 km, the
plasma flux is increasingly directed vertically downward at low latitudes near the
crest location and that above this altitude, a motion towards the equator results in

this ‘inverted’ or ‘reverse’ fountain effect.

The effects of the inverted fountain on the local ionosphere at low latitudes
are many. The density profile at the crest locatién gets narrowed as the peak height
of the F' region gets lowered and gets broadened when the motion is upward, and as a
consequence, the shape factor Y, has been shown to be positively correlated with the

height of the [ peak [Roy and Rastogi, 1989]. Further, a downward drift of plasma
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which moves the F' layer down, would result in the enhancement of its density at any
height below hpax. In other wdx'ds, there would be an anti-correlation between the
density and the height at a given time. During the late evening hours, when the drifts
associated with the EIA are large, this anti-correlation between the height of the F
layer below the peak and the local plasma density at any level close to this height
prominently shows up. A close examination at the reduced ionograms obtained by the
ground-based ionosonde at Ahmedabad indicates that this anti-correlation is present
all through the night till about 0300 h local time beyond which the electron density
starts decaying. The downward motion of the F' layer is limited by the increased
recombination at lower heights and this would result in the enhancement of 6300 A

airglow emission.

Figs. 6.6a and 6.6b illustrate these features observed in the months of February
and April, 1991, during the high solar activity period. The top panel shows the base
height of the F' layer obtained from the reduced ionograms. An electron density of 1.2
X 10° cm™ has been considered to represent the base éf the F' layer. The variation
in electron density at 290 km is plotted in the middle panel. The peak intensity of
the line profiles obtained by the Fabry Perot Spectrometer operating on O I 6300 A
from Mt. Abu is depicted in the bottom panel. It can be seen from these diagrams
that as the base height of the F' layer is lowered, the electron density below the [,
peak increases accmhpanied by increases in the intensity of 6300 A emission. The
distinct diﬁereﬁce in the pattern of variation of F' layer height between the February
and April months is to be noted. There is a double humped structure seen in the
intensity and electron density variation of February that has not been observed in
April. These results have some important repercussions with regard to the derivation

of ionospheric parameters based on coordinated measurements.

As discussed in Chapter 4, the vertical velocity of the plasma at the [ peak
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is due to the drifts imposed by elect‘ric field, wind and diffusion. Since the diffusion
is downward below the £, peak, according.to the servo model, the balance height of
the F, peak‘occurs at a level where the loss of plasma due to recombination, balances
the supply due to diffusion and this is entirely determined by the neutral atmospheric
parameters. This balance height gets altered in the presence of winds and electric
fields. Based on this principle, the electric fields have been estimated and presented

in Chapter 4.

Under normal circumstances, the polarity of the electric field is expected to
remain westward all through the night. One would expect a similar behaviour at
latitudes away from the equator as well. The inferred field over Ahmedabad changing
its direction to eastward beyond midnight poses many questions. It could possibly be
due to .the assumptions made in the estimation using servo model. The changes in -
F ]ayger height are assumed to be entirely determined by the thermospheric parame-
ters, namely, temperature and meridional winds, and electric fields. It is not known
whether changes in thé plasma density and the F layer height due to the latitudinal
sweeping motion of the EIA crest, contribute to the uncertainties associated with the
magnitude and direction of the estimated electric fields. This aspect needs to be ex-
plored in detail considering the suggestion being made in the present study that there
prevails a close coupling between the EIA associated processes, namely the ETWA

and its associated neutral circulation, and the observed thermospheric parameters.
2. Effects of EIA on the neutral atmosphere

Hedin and Mayr [1973] analysed the neutral density data between 400 and
500 km obtained by the neutral mass spectrometer on OGO 6 satellite and showed
that the latitudinal variations in density near the equator are more complex than
those predicted by the static diffusive equilibrium models of Jacchia [1965,1971]. The

major molecular gas, N,, has been found to show density variations with a minimum
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at the magnetic equator and maxima at £ 20° magnetic latitude, during daytime. The
reverse has been observed in the early morning hours. They have tested the hypothesis
suggested by earlier workers that ion-neutral collisions would significantly modify the
behaviour of the thermosphere and would lead ﬁo geomagnetic control of neutral atoms
and molecules. Making use of a two-dimensional theoretical model, they inferred that
at latitudes of enhanced electron densities like those of crest locations of EIA, there
would be a decrease in the diurnal amplitude of the zonal wind velocities. As a
consequence of this, less energy would flow from the dayside to the nightside and
thus temperature and density of the neutral atmosphere would show a maximum.
Hedin and Mayr expected the time of maximum density variations to shift to later
local times and to latitudes of enhanced electron density. Though their model could
not lead to variations with respect to longitudes, it described the average behaviour

quite well.

The experimental evidence for the neutral wind dynamics controlled by the
geomagnetic field configuration was brought out by Raghavarao et al. [1991] through
the revelation that the zonal wind magnitudes do indeed show a minima at magnetic
latitudes 4 20° and maximum at the magnetic equator collocated with the crests
and trough of EIA respectively. They have made use of the WATS (Wind And
Temperature Spectrometer) data on DE 2 satellite flown during high solar activity

periods.

Recently, Raghavarao et al. [1993] have shown that vertical winds of significant
magnitudes, i.e., in the range of 10-40 m/s, were also collocated with the EIA/ETWA
crests/trough at pre-midnight hours. The source of the vertical winds has been shown
to lie in the ETWA. They have proposed that the temperature and the pressure ridges
associated with the EIA, would drive a new wind system in the meridional plane

and that the measured vertical winds form a part of this wind system. During the



evening hours of high solar activity period, when the fountain effect is renewed, the
EIA crests get strengthened and tﬁe pressure ridges would prominently show up due
to the increased ion-drag. This would give rise to an upward neutral Wind at the crest
locations with a sinking motion near the magnetic equator. The first experimental
evidence for the presence of vertical winds of significant amplitudes over the equatorial
zone was provided by. Anandarao et al. [1978] and Raghavarao et al. [1987]. The
work of Biondi and Sipler [1985] at Natal, Brazil, revealed vertical winds which were
upward in the evening twilight that quickly chaﬁged to downward and reversed again
to upward by local midnight revealing a periodicity of 4 to 5bho‘urs. The wind model
proposed by Raghavarao et al. [1993] seems to explain the converging meridional

winds observed by Biondi and Sipler [1985] at 2100 LT near the magnetic equator.

With the data obtained from a single station, it is difficult to infer the wind
systems associated with ETWA, as proposed by Raghavarao et al. [1993], especially so
when there are no data on vertical winds. However, the results on meridional winds
presented in Chapter 5 point toward the possibility of the effects of ETWA being
present. It is to be noted that there has been a systematic shift in the occurrence
of maximum equatorward winds from winter to equinox periods. At these times,
the electron density at 290 km and the 6300 A airglow /il]tellsity too showed maxima
suggesting the possibility of pressure ridges getting generated. | Though the wind
results obtained as a part of the investigation provides a positive indication, more
coordinated data on both vertical and horizontal components of the neutral winds

are needed to confirm this possibility.
3. Effects on equatorial spread F

The wind system proposed by Raghavarao et al. [1993] has important conse-
quences on the thermosphere-ionosphere system as a whole. The magnitude of the

vertical winds would act as an indicator of the energy deposition associated with
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EIA/ETWA. At locations equatorward of the anomaly crests, strong equatorward
winds would occur that would, in thé winter hemisphere, oppose the normal transe-
quatorial wind, émd in the summer hemisphere, add up to the interhemispheric wind,
thus having significant influence on the occurrence of equatorial spread F' (ESF) as
has been addressed by Maruyama [1988]. It is well recognized now that the longitudi-
nal gradient in the Pedersen conductivity of the conjugate £ layers plays a major role
in the determination of the onset time and amplitude of the prereversal enhancement
at sunset hours, which is one of the prerequisites for the triggering of ESF [Abdu et
al., 1992]. This situation is most favourable during equinox periods when both the
conjugate £ regions are perfectly aligned for simultaneous sunset and a maximum
longitudinal gradient in Pedersen conductivity is then bound to occur. On the other
hand, if the F region Pedersen conductivity in one of the hemispheres is increased by
some means, the growth rates of R-T instability will be proportionately reduced. A
transequatorial wind, for example, on the downwind portion of the field line would
bring the plasma downward thereby increasing the Pedersen conductivity more than
the decrease in conductivity on the upwind portion of the flux tube. This could lead to
an £ region load at one end of the flux tube that would short-circuit the polarization

field and possibly lower the instability growth rates [Maruyama, 1988].

Mendillo et al. [1992] have suggested that the transequatorial wind does pro-
vide a stabilizing effect on the irregularity growth rates. They have made use of the
ALTAIR. incoherent scatter radar observations and an all sky airglow imaging system
to make a two-night case study on the occurrence of ESF. On one of the nights, they
have observed an unusual meridional gradient in 6300 A intensity when-one of the
intertropical arcs associated with EIA had been asymmetrical with respect to the
magnetic equator. They have inferred a strong transequatorial wind (~ 130 m/s)
that could have caused this feature and suppressed the occurrence of ESF as well on

this night. In their concluding remark, they have made a suggestion that Fabry Perot
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measurements of neutral winds near the crests of the EIA along a magnetic flux tube
can be compared to irregularity onset and development patterns observed near the

magnetic equator.

Coming to the vertical component of the circulatory cell, Sekar and Raghavarao
(1987] have shown the importance of downward neutral winds over the equator that
can have a destabilizing effect and enhance the growth rate of the R-T instability.
Comparing the relative contributions due to gravity, zonal and vertical winds, they
have shown that a downward wind of about 9 m/s at 270 km and 16 m/s at 300 km,
have the same contribution as that of gravitational drift at respective altitudes. In
fact, the eastward ion motion due to Hall effect imparted by the downward wind can
add to that due to gravitational drift, thus enhancing the growth rate of the R-T
instability. |

Thus it becomes evident from the above assessment that the measurements of
neutral winds (both meridional and vertical) are important to explain the enigmatic
problem of the occurrence of equatorial spread F. In the light of the complexities of

the phenomena discussed above, development/adaptation of newer methods for these

investigations becomes necessary.

6.3 All sky imaging high resolution Fabry Perot
Spectrometer

Though the central-aperture pressure-scanned Fabry Perot Spectrometer yields con-
tinuous data on temperature and winds, for a large spatial and simultaneous temporal
information, the look angle of the instrument needs to be scanned both in azimuth

and elevation. The desired spatial and temporal resolution would not be achieved
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by such scanﬁiﬁg. With the advent of two-dinensional detectors like the charge cou-
pled devices and the imaging photon deteétors, and by making use of the imaging
property of the FP etalon, mapping of wind ﬁeldé of any airglow emitting region in
the sky hais becoﬁle possible. One such FP spectrometer has been built and com-
missioned for the studies of high latitude auroral phenomena [Rees and Greenaway,
1983]. Looking into the potential of this spectrometer and its possible application to
the study of geophysical processes described in this chapter, an All Sky Imaging Fabry
Perot Spectrometer (ASIFPS) has been designed and built under the auspices of the
All India Coordinated Programme for lonosphere-Thermosphere Studies (AICPITS) -

supported by the Department of Science and Technology, Government of India.

The schematic of the optical set-up of ASIFPS is depicted in Fig. 6.7. The
design details are given elsewhere [Sekar et al., 1993]. In brief, the ASIFPS consists
of three essential subsystems, namely, (i) a high resolution FPS, the FP etalon being
identical to that of the central-aperture scanned FPS described in Chapter 2, (ii)

field-widening optics and (iii) a two-dimensional detector (imaging photon detector).

The Fabry Perot has a distinct property in that each point of the object field
is mapped onto a corresponding point in the image plane. In a normal FP3, the
flux is integrated over the central fringe which corresponds to a field of view of a
fraction of a degree. An imaging system requires the flux to be distributed over an
array in a two-dimensional detector in order to retrieve the spatial information. This
requirement demands a field widening optics at the front end so that the flux from
a large portion of the sky can be collected and distributed uniformly over the image
plane. A suitable front end optics has been designed in order to compress the chosen
field of view of 100° of the sky into 2.4° (the acceptance angle of the available etalon
with 10 mm airgap to form 5 fringes is 1.2°) at the entrance port of the FP etalon.

The field widening optics consists of a fish eye lens and field and collimating lenses.
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The details of the optics and the detector used are presented in a separnte
paper [Sekar et al., 1993]. The preliminary results that pertain to the present in-
‘vestigation are as follows. Fig. 6.8 depicts a sequence of Doppler images obtained at
different Limeé on 5 January, 1992. In this figure, there are 12 frames of interferograms
arranged in a sequence; with each one consisting of three orders of Fabry Perot fringes
corresponding to different spatial positions on the sky. The sequence number and the
time duration in IST are marked beneath each frame. Central fringes correspond
to the zenith sky over Mt. Abu. The direction corresponding to magnetic north is
depicted by an arrow while the line perpendicular to tliis arrow (not shown iﬁ the fig-
ure) corresponds to magnetic zonal direction. In each frame, the outermost fringe in
the north-south direction corresponds to 4 2.6° latitude with respect to zenith, while
the middle and inner fringes correspond to + 2° and 1.2° respectively. The intensity
scale in the figure increases with degree of whiteness and the dark areas correspond
to minimum intensity. In the figure, the first frame. corresponding to 1916~1946 h
shows the northern part of the interferogram to be brighter than the rest of the frame.
With time, in the subsequent frames (upto fourth) there is enhancement in intensity
in other areas as well. Fourth, fifth and sixth frames reveal saturation in intensity in
the scale adopted for representing the images. The present scale is chosen keeping in
view of the least intensity levels as encountered in the case of twelfth frame. The de-
velopment, brightening (frames 4 to 6) of the central fringe (corresponding to zenith)
and its subsequent decay are clearly seen in the sequence of frames from 3 to 10. From
the sixth frame onwards, one notices decrease in intensities in the northern sector,
while in the southern sector, the intensities remain at a higher level. The tenth frame
is nearly complementary to the first frame in terms of intensity distribution in the
meridional plane. Frame 12 shows the near disappearance of fringes in the northern

sector and a very low level of intensity in the southern sector.

As seen in Fig. 6.8, the EIA crest is located north of Mt. Abu upto ~ 2130 h
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Mt. Abu (24 36 N,72° 43 E geographic
20" 20 N dip latl‘rude)

Jan 5.1992

01 1916-1946 05 2123-2153 09 2310-0006

1o 0003-0033
02 1948-2018 06 2155-2225

03 2020~2050 07 2227-2257 N

0034-0104

04 2051-2121 08 2258-2328 12 0107-~0137

Fig. 6.8. Sequence of Doppler images obtained by the ASIFPS on the O 16300 A
nightglow emission from Mt. Abu at different times on 5 January 1992
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and its retrieval southwards makes it to come overhead encompassing the complete
field of view. This enables the de\v/elopment of g bright central fringe in frames 4 to
6. With time, the EIA crest moves southwards causing decrease in fringe intensity
in the northern sect(;r as well as overhead. The complete disappearance of EIA crest
from the field of view of spectrometer is seen in the twelfth frame. This observaton is
a clear visual representation of the ‘inverted equatorial fountain’. Assuming a linear
movement of EIA crest, the retrieval rate has been estimated to be 1.4° latitude per
hour (i.e., with the velocity of ~ 150 km/h) based on the crest positions overhead (ﬁfth
frame) and its total disappearance {rom the ficld of \‘/iew of the spectrometer (twelfth
fra;ne) This estimate is one of the direct determination of the retrieval velocity
and thus provides confirmation to the earlier estimates based on simple scanning

photometer [Kulkarni, 1975; Sridharan et al., 1993].

To study the gradients in the intensity levels along a particular direction, radial
scans of the observed fringe systems are made. The line profiles at each spectral
location are integrated to + 15° angular segments on either side of the north-south
axis. The results are dep;cted m Fig. 6.9 showing the reduced line profiles obtained
in this manner. Bach spectral location can be transformed into a latit- e pertaining
to a particular spatial location in the sky. The north-south intensity gradients with

respect to zenith latitude are shown by means of a dashed line.

Another interesting result pertains to the latitudinal and longitudiﬁd extent
of the EIA crest. As mentioned earlier, the EIA shows a highly localized effect, being
very strong in a certain longitude zone and totally absent in a zone just separated by
30° [Sharma and Raghavarao, 1989). I‘houg,h this may serve as an upper limit, the
lower limit for the longitudinal extent is inferred from frames 4 to 6 in Fig. 6.8. The
saturation in intensities all over the field of view in these frames indicates that the

spatial extent of the crest is larger than the field of view. This observation indicates
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that typicaﬂy the longitudinal extent of the EIA crest is 4 6°. Same is true for the
latitudinal extent also for which the confirmation from satellite data is available in

literature [Sharma and Raghavarao, 1989).

The p'.otential of the ASIFPS as a contender for mapping EIA features is well
recognized now [Sekar et al., 1993; Sridharan et al., 1993]. It has become possible to
visually track the crest of the EIA by continuous operation of this instrument. The
most important use of this instrument is widely accepted to lie in the spatial mapping
ofv wind and temperature fields in the vicinity of the emitting region. Especially in
investigating phenomena like ETWA| such imaging spectrometers are expecﬁed to be

very handy.

To conclude,

e wenote that the low latitude thermosphere-ionosphere exhibits complex features
that differ from season to season and attempts have been made to underst:ind
some of the underlying geophysical processes. - Coordinated optical and radio
probing measurements similar to the ones carried out during the course of the
present investigation hold enough potential to provide answers to many of the

enigmatic/unsolved problems.
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Chapter 7

Summary and Scope for future
work .

* This chapter contains the summary of the work contained in the thesis with emphasis
on the important and new results that were obtained. The scope for future work, as

an extension of and related to, the present studies is also indicated.

7.1 Summary of results obtained

The thesis is devoted to the study of low latitude thermosphere-ionosphere system
based on coordinated thermospheric and F region measurements using a central-
aperture pressure-scanned Fabry Perot Spectrometer operating on O 16300 A airglow,
and a ground-based ionosonde located nearby. The focus has been on understanding
the closed cycle of interactions that occur continuvusly between the neutral and the
ionized species, in the presence of lzirge scale geophysical processes in the low latitude
region. Since the interaction mechanisms depend on the chemical, fluid dynamical
and electrodynamical properties of the neutral-plasma medium, the behaviour of the
thermosphere-ionosphere system as a whole is looked upon in terms of these proper-

ties. Earlier workers have employed the servo model of Rishbeth as a tool, in order
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to understand and determine the nature and magnitude of the driving forces (like
winds and electric fields) on the midlatitude F region, and the resulting interactions.
According to the servo model, the peak of the F} region lies at a level determined
by neutral atmospheric parameters where chemical equilibrium prevails; the external
forces perturb this level and the F, peak approaches a new equilibrium level. At
the equilibrium F, peak itself, diffusion and chemical recombination are of equal im-
portance. | Assurning that the time required for diffusion at the Iy peak is shorter

than times associated with the largest variations in applied drifts, it has been shown
by many workers that the midlatitude F, layer does behave.in accordance with the
expectavtions of servo model. Making use of the servo principle, several workers have
derived meridional winds from the existing ground-based ionosondes. In spite of in-
herent assumptions and limitations involved in the methodology they have adopted,
the pattern of derived winds showed ovérall agreement with direct measurements and
empirical model predictions. This ability to derive meridional winds using the ba-
sic physical principles in turn had demonstrated the fact that the behaviour of the

midlatitude thermosphere-ionosphere system has been fairly understood.

The behaviour of the low latitude region is complicated by large scale processes
such as equatorial ionization anomaly, equatorial temperature and wind anomaly,
equatorial spread I and midnight temperature maximum, whose role in the energetics
and dynamics of the upper atmosphere is largely unknown. Till recently, no attempts
have been made to understand the basic interaction mechanisms that get significantly
modified in the presence of these processes. As mentioned in Chapter 1, the reason for
our limited knowledge on the behaviour of the low latitude thermosphere-ionosphere
system had been the non-availability of a wider data base on both thermospheric and
tonospheric parameters. In view of this fact, systematic coordinated measurements

have been initiated and the results have formed a part of this thesis.
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Line profile measurements of aii‘glow_ emissions have been carried out from
Mt. Abu (24.6°N, 72.7°E geographic; 33°N dip) for more than six years. Though the
number of profiles that have been obtained by the central aperture-Fabry Perot Spec-
trometer was very large, {liere were severe limitations in retrieving useful information
that led to the (ieve101>1nellt of a comprehensive and more appropr.iate data analysis

scheme described in Chapter 2.

;_ ' :
The results were presented in four chapters in the following categories.

o Obtaiﬁing the variabilities of neutral temperature, which is important since the
equilibrium height of the F; layer is determined by neutral temperature. The
importance and applications of neutral temperature in understanding various
physical processes have been illustrated in Chapter 3. The results from this
chapter are as follows: Making use of the temperature measurements available
during low and high solar activity periods, an exercise has been carried out to
determine the effects of solar variability on the behaviour of the thermospheric
temperatures over low latiutdes. The limitations of the MSIS-86 model, one
of the most comprehensive models available as on this day, in representing low
latitudes, has been demonstrated by means of individual case studies. These
studies show that significant enhancements occur in measured neutral tem-
peratures at certain times considerably deviating from the model predicti’ons.
Next the response of thermospheric temperatures to changes in solar flux over
a longer period was examined. A plot of mean measured temperatures versus
mean model temperatures over the years covering half the solar cycle suggests
that only about 65 % of the variation in the measured temperatures can be
‘accounted for and that most of the mean measured temperatures are higher
than the mean model temperatures leading to the suggestion that there should

be additional energy sources that significantly contribute to the energetics of
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the low latitude neutral atmosphere.

Identification of these energy sources has been the next step in the presentation.
The geophysical processes of relevance during quiet geomagnetic conditions are
(1) the Joule heating associated with the fluctuating electric fields of equato-
rial spread F' irregularities, (2) the equat'orial temperature and wind anomaly
(ETWA) associated with the equatorial ionization anomaly (EIA) and (3) the

midnight temperature maximum (MT M).

The i)ossibility of significant amount of energy that might be deposited along
magnetic flux tubes in the presence of fluctuating electric fields and drift ve-
locities associated with equatorial spread F', causing enhancement in neutral
temperatures, has been cross-checked, and it has been concluded that the ex-
cess heating cannot be ascribed to the possibility of spread F' associated heating
alone. Owing to the renewed interest in EIA associated processes such as ETWA
and the presence of vertical winds, the possibilibty of these processes acting as
sources of energy has been explored. It has been shown that electrodynamic
propertics of the thermosphere-ionosphere system have the potential to be one
of the controlling factors for the variabilities of thermospheric temperatures at

the location of the crest of EIA.

Having ascertained the variabilities of neutral temperatures and their possible
sources, the next step has been to examine the vahchty of servo model for low
latitude Ieglons It has been demonstrated in Chapter 4 that the servo model
of Rishbeth is an ideal tool for investigating the behaviour of the thermosphere-
lonosphere system since it incorporates the basic coupling mechanisms. Having
giveﬁ a description of servo principles, derivation of the servo equation and
the earlier work done for midlatitudes, details of the simulation exercise that
has been carried out in order to'determine the latitude beyond which the servo

model can be applied, were presented. Since the ‘servo’ response of the F reigon

234



varies as sin?[ and the diffusion process becomes insignificant near the magnetic
equator, the latitude from where on the servo model can be applied and tested
against the actual behaviour of the F region, was determined to be beyond 20°.
Several case studies have beeu‘? made and the results presented in this chapter
demonstrate the fact that the 7 region behaves according to the expectations
of servo model at this low latitude station. The height of the F' layer was shown
to vary as 11 £ 2 km for every 100 K change in neutral temperature. Based
on servo principles and making use of ﬁ}@&S\l red temperatures and meridional
winds, estimates of I layer peak height were made and compared with the inde-
pendently obtained peak height values from the ground-based ionosonde. The
resuls obtdined for a few days have indicated fairly good to very good agree-
ment. The deviations between the estimated and the measured peak heights
Wefre ascribed to zonal electric fields. Estimates of electric fields for all the days

under consideration made with certain valid assumptions show considerable

variability from season to season, at times becoming eastward.

The servo model reveals a direct relationship to exist between the F layer dis-
placement and the wind vector. Using the servo model principles, the impor-

tance of neutral temperature that determines the I layer peak height, and its
variabilities, in influencing the derived meridional winds were demonstrated in
Chapter 5 through case studies, Variabilities of measured meridional winds
have been studied for two seasons, namely, the winter and equinox periods.
Comparisons of these measurements with those from other low and equatorial
latitudes have been made and they were found to be significantly different. The
present estimates differ from both horizontal wind model and the vector spher-

ical harmonic model. It has been concluded that solar radiation does not seem

to be the sole agent that sets and governs the observed wind patterns.



o The limitations of numerical models to describe the observed variation of ther-
mospheric temperatures and ’winds over different time intervals ranging from a
few hours on a given night to a solar cycle, over a low latitude station, demon-
strates the need for incorporating the effects of geophysical processes into the
models by means of a parameterization. Such an effort would need a thor-
ough understanding of the processes themse]vgs and coordinated measurements
from a chain of stations in the near-equatorial zone are needed for this purpose.
Work in this direction has been initiated and some of the results obtained were

presented in Chapter 6.

The processes that were investigated in this regard are (1) the MTM and (2)
the EIA. After reviewing the mechanisms that are responsible for MTM, the
results on the comparison of the variation of meridional winds from two different
latitudes, namely, Mt. Abu (24.6°N geographic) where direct measurements are
available and Sriharikota (13.7°N geographic) for which winds were derived from
the ionosonde data, were presented. In the winter month of February (1991),
there appeared to be a systematic phase difference in the variation ranging from
2 to 4 hours and always the Mt. Abu measurements were lagging in phase. This
has been suggested to be probibly due to the MTM occurring near the equator
and giving rise to an associatied wind pattern. However, for the equinoctial
 month of April, no such feature was seen probably due to the dominant role
played by electrodynamic processes during this season.
The EIA associated processes in the low latitude region were studied under
three categories: (1) behaviour of the post-sunset and nighttime F region, (2)
effects of EIA on the neutral atmosphere and (3) effects of thermospheric winds
on equatorial spread I Though we have results only for (1) and (2), the
importance of (3) was highlighted in the text for the sake of completeness. The

post-sunset behaviour of the F region at the crest location of IXJA has been
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shown to be controlled by the EIA. The passage of the crest of EIA across the
low latitude observing site would alter tl;e neutral and ionospheric parameters
significantly.

Though it is difficult to infer the wind systems ‘associa,ted with ETWA especially
when no data on vertical winds are available, the results that were presented in
Chapter 5 provide a positive indication for the neutral air circulation associated
with ETWA to be active over the low latitude station. This has been demon-
strated utilizing electron densities available from the ground-based ionosonde

and the airglow intensities.

Finally, the potential of the all sky imaging Fabry Perot Spectrometer that has
been designed and fabiicated for the purpose of mapping temperature and wind
fields was highlighted and its importance in studying the geophysical processes

was emphasized.

7.2  Scope for future work

There are several areas that need to be explored in detail and the following suggestions

in this direction are meant to be an useful extension of the present thesis.

It is proposed that more coordinated measureménts of both thérmospheric and
ionospheric parameters be made at least from two stations making use of the available
resources. The spatial variabilities of thermospheric parameters need to be brought
out since they are capable of providing clues to the relative roles played by all known
physical processes. It is important to estimate quantitatively the effect of each of

these processes for a full understanding of the thermosphere-ionosphere system.

The existing models of neutral upper atmosphere need to be improved upon

i .
to represent better the low latitude observed features. The measurements from these
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locations may be utilized for a parameterization of numerical models in terms of the

competing effects of dominant geophysical processes.

The effects of geomagnetic storms were not touched upon in the thesis owing
to limited data available for these occasions. Only recently, reports haye come on the
observed effects of storms on the thermospheric densities, temperatures and winds
from other latitudes. Continuous, systematic, ground-based 1'neasurements are neces-
sary to infer information regarding geomagnetic activity effects at low and equatorial

latitudes.

The present spectrometer has a limitation of not being able to measure vertical
winds of small magitudes. Recent satellite measurements have revealed them to be
present in significant amplitudes and the instrument could be improved upon to be
able to make these measurements so that equatorial spread F' associated investigations

could be carried out.

Mapping of the dynamical features is an attractive proposition for a region
like ours which has several geophysical features. Relation of the neutral thermo-
spheric parameters with ETWA, processes associated with geomagnetic storms, etc.,

are considered extremely important from the dynamics and energetics point of view.
More detailed investigations are being planned for the coming years.

With the sanctioning of TIMED (Thermosphere - Tonosphere - Mesosphere -
Energetics and Dynamics) éatellite mission, a comprehensive set of complementary
ground-based measurements are a must. The capabilities developed during the course
of the present work and the proposed improvements and scientific investigation are
expectéd to play a crucial role in the understanding of the complex system namely

‘The thermosphere - ionosphere system’.
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