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Over the recent years the equational and low latitude phenomena in the upper atmosphere have been drawing the attention of Aeronomers
and space scientists world-wide. The equatorial region reveals a variety of geophysical phenomena which are perfect examples for the
neutral atmosphere and the F-region of the ionosphere to behave as a closely coupled system. The present paper is an overview of these
interactive processes and our current understanding and it also touches upon the grey areas which call for a concerted investigation.
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Introduction

The thermosphere, which refers to that part of the upper
atmosphere spanning from ~8 5km and extending to atleast
350-400km is unique in many ways. This is the region
which extends from the coldest part around 85km (the
mesopause) to the hottest part of the upper atmosphere
(>350km - the exosphere) and this is where significant
interaction of the solar EUV radiation results in the forma-
tion of the well-known ionosphere. The thermosphere thus
encompasses the region of maximum production of ioni-
sation within it. This is the region where the differential
heating of the upper atmosphere results in neutral winds
which in turn provides the mechanical energy for global
scale dynamo action generating electric fields. These elec-
tric fields in turn are responsible for a variety of electro-
dynamical processes including several plasma instabilities
peculiar to the specific geographical location. In addition
to the above, the turbulent mixing of the atmospheric
constituents in the lower atmosphere ceases in the lower
thermosphere giving way to molecular diffusion higher
above, which ensures diffusive equilibrium of the different
atmospheric constituents depending upon their mass.
Though the ionospheric densities are several orders of
magnitude less than the neutral densities, the response of
the ionosphere to the probing radio waves and the selective
restraint imposed on them by the geomagnetic field, the
ionized part of the upper atmosphere retains its own iden-
tity.

In general, irrespective of the geographical location,
the neutral thermosphere and the F-region of the iono-
sphere are known to exist as a closely coupled system, to

that effect, any change in the structural and dynamical
parameters in one promptly gets reflected in the other. As
a system, the TIS (Thermosphere-lonosphere System) is
coupled to other regions of the atmosphere in a variety of
ways. For example, the magnetosphere is coupled electri-
cally to the high latitude TIS along the highly conducting
magnetic field lines, while the high and low latitudes are
coupled by neutral dynamical and electrodynamical
means. The former is through winds and waves while the
latter is through the conducting ionosphere. The high-low
latitude coupling is known to be extremely important
during geomagnetically disturbed periods. This aspect will
be dealt with in some detail later.

The lower and middle atmosphere extending upto
100km is also coupled to the upper regions viz., the ther-
mosphere and the F-region of the ionosphere by neutral
and electrodynamical forcings. Apart from this, the lower
region acts as a source of waves that vertically propagate
upwards altering the structure and encrgetics higher above,
while it continuous to be the seat of dynamo action result-
ing in the generation of electric fields and the associated
processes.

As a system, the TIS shows a large variability such
as with altitude, latitude, longitude, local time, season,
solar activity and also geomagnetic activity. These vari-
ations are an outcome of the couplings, time delays and
feed back mechanisms that are inherent in the system, as
well as from the effects of solar, interplanetary, magneto-
spheric as well as mesospheric processes.

The various driving processes mentioned above are
known to act in concert to determine the density and
temperature morphologies of the ionized and neutral con-
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stituents in the TIS. Because these driving mechanisms
show characteristic trends, the TIS too displays such
trends, which essentially correspond to the climatology of
the system. When it comes to smaller scale variabilities,
the TIS could vary day to day and within a day, hour to
hour, while displaying significant structures. These vari-
abilities are essentially due to the external driving mecha-
nisms which can be localized, spatially structured and
temporally varying. As a consequence there could be
significant time delays associated with certain TIS proc-
€SSeS.

With this introduction, a brief outline will be pro-
vided for the ways and means by which the Thermosphere
and the F-region of the ionosphere are mutually coupled
with emphasis to low/equatorial latitudes followed by a
discussion on the high-low latitude coupling and the mid-
dle-upper atmosphere coupling. Some discussion on cer-
tain aspects of the coupling are available in the literature'
and the references cited therein and the significant contri-
bution from the Indian scicntific community had been
comprehensively dealt by Agashe ef al*. The present level
of understanding of the interactive processes and their
various manifestation into unique geophysical phenomena
with specific reference to the equatonal region would be
provided into the following sections.

Thermosphere-Ionosphere Coupling

The prinmary factors that affect the TIS are the neutral
temperatures and winds. Whenever an additional energy
is received by the atmosphere which is otherwise in equi-
librium, the atmosphere gets heated up and this excess
heating directly affects the density and composition in the
region of deposition and also higher above. The result
would be a net change in the [O}/[N2] ratio in the thermo-
sphere which in turn decides the F-region electron densi-
tics. Differential heating of, like what one encounters in
the day-night sides of the upper atmosphere, sets in large
scale zonal winds effectively transporting energy and mass
from the hot dayside to the cold nightside. The east-west
zonal winds dragging the ionization along with it, cross
with the north-south magnetic lines of force and generate
the clectric ficld which is the prime driving force for the
consequent electrodynamical processes. On the other
hand, the meridional winds which show a diurnal variabil-
ity of being poleward during daytime, and equatorward
during nighttime during geomagnetically quiet conditions,
show a seasonal variability of being directed from the
summer hemisphere to the winter hemisphere. The effect
of poleward meridional wind on the ionosphere would be
to push the F-layer down along the magnetic field lines and
an equatorward wind would result in a net lifting up of the
F-layer. During geomagnetically disturbed conditions
since significant amount of energy deposition, overpow-
ering the solar UV and EUV input, occurs at both the polar
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regions, there would be a convergent flow towards the
equator redistributing the excess energy. This would cause
an upliftment of the F-layer in both the hemispheres. On
the other hand, any change in the plasma density distribu-
tion would modulate the neutral dynamical parameters,
essentially due to the ‘Ion-drag’ which refers to the resis-
tance offered to the neutral winds by the ionospheric
plasma which is confined to the geomagnetic field lines.

The coupled behaviour of the Thermosphere Iono-
sphere System (TIS) has been one of the important topics
of research. Till recently there had been very little infor-
mation available on this aspect from low latitudes. System-
atic, coordinated measurements of thermospheric
parameters viz., the neutral temperatures and neutral winds
along with ionospheric parameters had been carried out
from one of the low latitude stations, Mt. Abu
(24.6° N, 72.PE, geographic 18° N dip lat.) with a view
to understand the mutual coupling under different geo-
physical conditions. One of the primary objectives had
been to check the validity and applicability of Rishbeth’s
servo model. The above model™* is one of the most elegant
concepts highlighting the TIS behaviour and was origi-
nally formulated for mid latitudes. According to this
model, in the absence of any external applied forcing, the
height of the maximum electron density smax would lie at
a balance height determined by the diffusion and loss.
During nighttime, in the absence of any fresh production
of ionisation and in the absence of any applied forcings.
The night stationary level ‘4’ would be located at a height
where )

k Dm sin” /

P = T G T k= 1) (1)
where [ is the effective recombination coefficient, Dy, is
the plasma diffusion coefficient, H, the atomic oxygen
scale height, /7, the magnetic dip angle and %, a, ¢ are
constants, the former two referring to the layer shape factor
and the ratio between the atomic and molecular species.

It could be seen that both S, and Dy, are neutral
temperature dependent. It had been experimentally deter-
mined that a change of 100K in the neutral temperature
would effect a change of 11 + 4km in the balance height
of the F-layer, over Mt  Abuw/Ahmedabad
(23.0° N, 72.6° E, 17° N dip lat.)’. These figures were
arrived at based on the data when the meridional winds
were close to zero and when the electric field effects were
taken to be negligibly small. When one takes the
meridional neutral wind (Up — poleward positive) effects
into account the servo equation takes a shape as®®,

(2
- Upsin/cos /= 91‘2;‘;‘__1 [exp[h%"?—_@]

-k (hmax - ho)
‘*—H——] } .(2)

_exp[
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For moderate wind speeds not exceeding 100ms™,
the response could be treated as linear and the maximum
effect in terms of ionospheric change would be experi-
enced at a magnetic latitude of ~ 22.5° i.e. at a dip angle
of 45°°.

Spectroscopic measurements from Mt. Abu and in-
dependent ionospheric measurements from Ahmedabad
were made use of in validating the applicability of the
servo model to low latitudes. Excellent agreement between
the estimated Amax and the measured Amax (Fig. 1a), during
magnetically quiet periods hadbeen shown'®. It had alsobeen
found through case studies that the coupling remains intact
even during magnetically disturbed periods11 (Fig. 1»).

One of the important results from the coordinated
measurements is that the neutral temperatures and the
neutral winds have an independent control on the status of
the F-region of the ionosphere at any instant. This has
important consequences when one attempts to derive any
one of the neutral atmospheric parameters from the ob-
served variabilities in the F-region. A case in point is the
use of F-layer movements during nightﬁmes and ascribe
the same to the meridional winds®®’ taking the model
predicted temperatures to represent the thermal state and
the distribution of the atmospheric species at that instant.
However, it is fairly well accepted that the present day
models do not represent the equatorial and low latitude
regions (This aspect will be touched upon later). There-
fore, unless one ascertains that the model and the actual
measurements agree, the derived meridional winds on the
basis of the above assumption would turn to be erroneous.
These points are explicitly brought out by Gurubaran et al,
In the exercise of checking the applicability of servo model
to low latitude regions, the measured neutral temperatures
(T») had been taken as the exospheric temperature and the
density distribution worked out following the formulation
of MSIS-90 modello, thus avoiding the said problems.

On the other hand, unlike Miller et a/®, Krishnamur-
thy et al. 12 have evolved an innovative method, wherein
they have made use of the ionosonde data from two sta-
tions, one right over the dip equator, Thumba
(8.3° N, 76.5° E, 0.35°N dip lat.) and the other, Srihari-
kota (13.3° N, 81° E, 5.35°N dip lat.) just located out-
side the equatorial electrojet for deriving the meridional
winds. The latter has a finite magnetic dip angle of ~ 11°
and therefore the F-layer movements would be controlled
by the meridional winds as well, in addition to the electric
fields, while the dip equatorial station is controlled only
by the electric fields. The difference between these two
locations has successfully been used to derive the
meridional winds. It is very well known that the neutral
temperatures do not vary significantly between these two,
close by, stations and its contribution to the F-layer move-
ment is automatically nullified. The rationale and the logic
followed by Krishnamurthy ef a/ 12 has been validated by
the wind measurements using rocket released vapour
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clouds from SHAR and its comparison with the ionosonde
derived winds'?.

From the background information presented above,
it could well be appreciated that the thermosphere and the
F-region of the ionosphere exist as a closely coupled
system with the changes in the parameters of any one
promptly getting reflected in the other. As a system, the
TIS is coupled to the other region as well. Fig. 2 dePicté
the intricacies in the TIS and its possible linkages ‘1o
other regions.

Equatorial and Low Latitude Processes

The equatorial thermosphere-ionosphere system is replete
with a variety of geophysical processes peculiar to this
region. All these processes are an outcome of the complex
web of interactive processes which include, chemical, elec-
trodynamical and fluid dynamical ones. Some of the most
important ones are the equatorial electrojet (EEJ), equatorial
ionisation anomaly (EIA), equatorial spread-F (ESF), neutral
anomaly (NA), equatorial temperature and wind anomaly
(ETWA), equatorial spread-F (ESF) and midnight tempera-
ture maximum (MTM). The local time dependence of these
phenomena are well represented in a clock diagram (Fig.
3) bv Abdu®®. In the following sections, a brief outline of
the present understanding of the phenomena along with
their interactive nature will be provided.

a) Equatorial Electrojet (EEJ)

The EEJ refers to the intense band of current flowing
in the east-west direction over the magnetic equator cen-
tered around 106km. The latitudinal extent is usually taken
as ~ 6° though there are indications for it to be variable.
The EEJ is understood to be due to electrodynamical
processes of a horizontally stratified ionosphere with an-
isotropic conductivities. The global scale dynamo action
with the neutral zonal wind as the main driving force,
manifests itself &s a primary east-west electric field over
the dip equator. This ficld crossing with the north-south
geomagnetic field and also due to the differential motion
imposed over the electrons and ions, i.¢., the former getting
influenced by the £ xB forcing due to the electron collision
frequencies being smaller than the gyrofrequency and the
latter experiencing only the influence of the electric fields
due to the ion neutral collision frequency being larger than
the gyrofrequency, results in the generation of a vertical
Hall polarization field. This Hall polarization field once
again crossing with the east-west field is believed to be
responsible for the generation of EEJ. The characteristic
feature of the electrojet like, the intensity, height, structure,
day to day variabilities, and latitudinal width have been
extensively studied in the past using ground based and
space-bome techniques. These have been reviewed by
Agshe et al.2. Excellent electrojet models have been de-
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Fig 2 The mutually interacting thermosphere and the F-region
of the ionosphere alongwith the various means of inter
coupling with the magnetosphere above and the lower
atmosphere below—schematic'*,
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Fig. 3 Clock diagram representing the local time dependence
of the unique geophysical processeszs.

veloped within the country and elsewhere which included
the neutral wind effects on the electrojet and these are
available in the literature'>"'°. One of the important as-
pects had been the prediction of vertical ion currents
(Pedersen) by Untiedt?® and demonstration of the impor-
tance of these currents in the generation of a deep valley
in the plasma density profiles at ~ 120km during night time
over the equator and significant enhancement in densities
~100km?'. One of the unsolved problems with regard to
the EEJ is the reason for the difference in the theoretically
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predicted altitude of maximum current (102km) and the
actual location of the same (106km). One of the possibili-
ties for this difference could be the unrealistic collision
frequencies used in the model. By introducing a time
varying additive term to the collision frequency, it is
possible to explain the observed differences (B V Krish-
namurthy - Personal Comm.). More detailed confirmation
is called for by means of coordinated ground based and
rocket experiments.

The other enigmatic aspect of the EEJ phenomenon
is the counter electrojet (CEJ), when, during magnetically
quiet periods, on certain occasions, during noontime, the
EEJ might reverse its direction from eastward to westward
for ~ 3h before recovering to its normal direction. The
intensity and direction of the EEJ are usually inferred from
the horizontal component of the ground level magnetic
data. The differences in instantaneous value of the ‘A’
component and the average nighttime value, from a loca-
tion over the magnetic dip equator (A H7) and another
location away from the dip equator (AHy) are taken and
the differences in (A A7) and (A Hy4) is considered as a
measure of the EEJ. One of the important results had been
the disappearance of a particular type of sporadic-£ layer,
Esq, during CEJ periods22’23. The enigmatic aspect of CEJ
had been pertaining to its causative mechanism. There is
no doubt that, it is the neutral dynamics that should be
playing the deciding role but how exactly is what is being
currently debated. Numerical simulations have revealed
that upward vertical winds have the potential to reverse the
current flow>*. While there are evidences for distinctly
different zonal winds on CEJ days with different shears in
them?’ (Fig. 4). Meanwhile, Stemling26 suggests that the
CEJ may not after all be a localized phenomenon, and goes
on to provide examples of global scale changes in the
electric fields during CEJ. This opens up another funda-
mental question whether CEJ is a local phenomenon or a
global one; or are there two types of CEJ’s? Further work
is needed to resolve these aspects. In addition, more obser-
vations are needed on the dynamo region tidal components
and their vanabilities from a global perspective.

In this context, two of the SCOSTEP sponsored
programmes the PSMOS (Planetary Scale Mesopause Ob-
serving System) and the EPIC (Equatonal Processes Including
Coupling) planned from 1998 onwards, are very relevant.

b) Electrojet During Disturbed Times

The geomagnetic disturbance related electric field
perturbations fall in general into two types. The first type
is the one which responds to the sudden change in the
north-south B; component of the inter-planctary magnetic
field (IMF) to 'northward’; the imposed additional zonal
electric field is in phase opposition to the prevailing ones.
On certain occasions, alongwith the sudden ‘southward’
swing of the IMF B,, transient disturbances, in phasc with
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the quiet day field pattern have also been observed. These
transient disurbances in the equatorial zonal electric field (1u)z8-Jni
are believed to represent the effects of ‘prompt penetra- v 2 ., K
tion’ of high latitude electric fields into the equatorial DR N
jonospheres (Fig. Sa & b)*>%". P
The second type refers to the long lasting (several [
hours duration) and slowly varying part, which follows the
onset of a geomagnetic storm, with long time delays (13-
24h) and always opposing the quiet time fields (Fig. 6).
These disturbances are believed to be due to the iono-
spheric disturbance dynamo i.e., due to the electric fields
generated by the modification in the global thermospheric
circulation caused by the storm time energy input over |
high latitudes. Fairly realistic models of penetration elec- )
tric fields in the sub-auroral ionosphere associated with + o 4
sudden changes in the magnetospheric convection have 4 ]
been developed by considering magnetosphere and the [ -~} y
ionosphere as a coupled system and by paying due atten-  } :
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tion to various physical processes operating therein.
Though the global convection models predict the nature of
the diurnal variation and their association with polar cap
potential and also the latitudinal variation of the penctra-
tion electric fields fairly well, they cannot yet offer an
explanation for the more sensitive response to decrease in
the polar cap potential than to an increase in the same. Also
the long persistence in the zonal electric field associated
with the magnetospheric convection in addition to the
mutually exclusive transient electric fields associated
either with an increase or decrease in the magnctosphenc
convection, but not both, needs to be understood”®. All the
above, indicate the need for a concerted theoretical study
to explain the physical mechanism that essentially controls
the penetration of high latitude electric fields to the dip
equator under storm and substorm conditions.
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Fig. 6 Slowly varying disturbance dynamo electric fields with
long time delays (13-24h) associated with a geomagnetic
storm®’.

¢) The Equatorial Ionization Anomaly (EIA)

The EIA is one of the most prominent equatorial
ionospheric/thermospheric processes and it refers to the
development of a double humped structure in the latitu-
dinal profile of the F-region plasma densities during day-
time with the crests located at + 15-20° dip latitudes and
the trough situated over the dip equator. This phenomenon
has been fairly well investigated using ionosondes and
airglow photometers both from ground and satellite-borne,
and total electron content measurements (TEC) using bea-
con transmmers in the orbiting and geostationary satel-
lites®. It is fairly well understood that, it is the plasma

R SRIDHARAN

transport controlled by the electrodynamical processes
assisted by the neutral dynamics that redistributes the same
resulting in the EIA. During night hours, the reverse hap-
pens with the plasma being drawn back towards the equa-
tor’*32_ There are still several enigmatic aspects left out
with regard to the EIA, though the gross features are well
understood. One of the puzzling aspects being the longi-
tudinal variability exhibited by this phenomenon. One
might observe strong EIA in one longitudinal zone but it
might be totally absent in a zone separated by just 30 "33,

Global coverage by the DE-2 satellite also revealed thls
aspect more dramatically (Fig. 7). These results make the
predication of EIA very difficult. Not limiting to this, even
the solar cycle dependence of EIA and also its behaviour
during magnetlcallz disturbed periods still remain topics
of active research

d) EIA - During Disturbed Periods

The EIA responds sensitively to the disturbance
electric fields and winds. It could either get enhanced or
inhibited depending upon the nature of the disturbance
electric fields. These fields are in general of two types; the
first one being the penetration electric fields as mentioned
above which involve hydromagnetic wave propagation
and ionospheric currents®>7 or substorm current system,
and shielding by the inner magnetosghere associated with
the changes in the IMF polanty . The second type is
due to the changes in the general circulation due to the
significant energy deposition at polar latitudes, which sets
in a disturbance dynamo field. Further, the effect of
meridional winds, as mentioned earlier, would be to lift up
or push down the ionization along the field lines depending
upon their polarity, whether it is equatorward or poleward.

Transequatorial wind would cause an asymmetry in
the EIA crests. The degree of the asymmetry being depend-
ent on the two competing forces, namely, the magnitude
of the wind the zonal electric field. However, these effects
are prominently felt only in the case of a slowly evolving
plasma fountain. In the case of transient events like the post
sunset enhancement in the electric field or during transient
penetration of electric fields during disturbances, the effect
of transequatorial winds would not alter/or create any
asymmetry in the evolution of the EJA. Simulation studies
do support the above idea*!. However, quantitative esti-
mate of the effect of disturbance electric field in the
evolutionary characteristics of the EIA remains to be made
yet. Some of the important results obtained in the recent
years are the expansion of the latitudiral region contribut-
ing to the fountain, sometimes extending to even lower
mid latitudes, in response to a transient disturbance electric
field. When such an explanation occurs in the dusk sector,
asimilar expansion has been noticed in the predawn sector,
eventually resulting in the inhibition of EIA development.
On the other hand, the effect of the disturbance dynamo
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electric field on the EIA would be to inhibit its formation
during day and post sunset times and also to enhance its
development during night hours. The picture with regard
to the response of the EIA during disturbed periods is quite
complex and it has just started emerging. More detailed
experimental and theoretical efforts are needed for a thor-
ough understanding of the same. All these aspects are
comprehensively reviewed by Abdu®®.

e) The Equatorial Temperature and Wind Anomaly

As mentioned during the discussion on the coupled
beha-viour of the thermosphere and the ionosphere, the
neutral wind acts as the main driver of the global scale
dynamo which in turn sets in phenomena like the EEJ and
EIA. On the other hand, the neutral flow itself is affected
by the ionosphere in two ways. At the dip equator when
the F-layer is lifted-up due to the E x B plasma drift, it
would deplete the region lower below, thus reducing the
ion drag. This would permit relative acceleration of the
neutral winds over the dip equator“'43 . The so called
F-region dynamo, (to be discussed later) analogous to the
E-region dynamo, generates vertical polarization fields
which in turn would drive the plasma along with the
neutral wind**, Once there is little relative motionbetween
the ions and neutrals, the ion drag is further reduced.
During daytime conditions the F-region dynamo effects
are shorted out by the loading of the system by the field
line connected E-region conductivities and the ion drag
effects would be significant. In fact, first it was shown
using OGOVI satellite data, that the latitudinal distribution
of neutral densities show some sort of a geomagnetic
control with two crests of densities colocated with the EIA
crests and a trough over the dip equator“. It was suggested
by them that the enhanced drag offered by the EIA crests
to the neutral zonal flow from the hot dayside to the cold
nightside would result in the accumulation of neutrals at
the crest locations. If that be the case, one would expect to
see enhanced neutral temperature at the crest location
simultaneously with reduced zonal winds. The first experi-
mental evidence to this effect was obtained by Raghavarao
et al*¥ using DE-2 satellite data. The phenomnenon
referred to as the Equatorial Temperature and Wind
Anomaly (ETWA) is one of the classical examples of the
interacting thermosphere-ionosphere system. Simultane-
ous measurements of plasma densities, neutral zonal
winds, and neutral temperature along a given longitude
revealed clearly the zonal wind velocity to be maximum
at the dip equator colocated with the trough in the plasma
densities and a minimum in the zonal winds was seen at
the crests of the EIA. Also the neutral temperature en-
hancements were colocated with the EIA crest and zonal
wind minimum. There was a temperature minimum at the
trough (Fig. 8a). In addition to the above, vertical winds
were detected presumably associated with ETWAY The
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winds were directed upward at the crest location and
downward at the trough leading to the suggestion that these
could after all be a part of the circulation cell with equato-
rial winds in the upper and poleward winds in the lower
thermosphere (Fig. 8b). The magnitude of the vertical
winds were directly related to the strength of ETWA.
These results have very important significance with regard
to the phenomenon of equatorial spread-F which will be
discussed later.

Coming back to ETWA, the exact causative mecha-
nism had been an active topic of research. Whether it is
‘ion drag’ or some other mechanism or both are respon-
sible for its creatxon has been the basic question.
Raghavarao et al® conducted a detailed study on the
diurnal varnability of ETWA both in terms of neutral
temperatures and neutral winds. They had considered the
difference in neutral temperatures (4 T) between the crest
and the trough locations and so also in the case of winds
(4 2). The magnitude of (4 Z) was shown to be propor-
tional to the zonal wind Z at the equator and usually at 50%
of the latter’s magnitude. On the other hand, the magnitude
of AT was dependent on both the zonal wind and the
strength of £/4. They had shown that the AT became
minimum at local times when the zonal wind (4 Z) was
close to zero, indicating that the magnitude of the zonal
wind irrespective of the direction is one of the important
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parameters. The ETWA was shown to be the strongest
around 1900-2000 LST when usually the EIA and the
zonal winds were at their maximum. The development of
ETWA during daytime is strictly linked to the EIA, as the
zonal winds usually attain their maximum earlier and stay
so through out the day (Fig. 9). This led them to state that
the ion drag must be playmg a crucial role.-On the other
hand, Fuller-Rowell et al® , in an independent exercise,
suggested that the kinetic energy getting converted into
thermal energy due to ion drag may not be the appropriate
mechanism. They also showed that the mechanism of
horizontal transport appears to work in the wrong sense. It
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Fig. 9 Local time vananon of ETWA temperatuses (top) and
ETWA zonal winds*®

was also made clear*®*’ that adiabatic coohx%and heating
originally suggested by Anderson and Roble ™ would pro- -
duce a temperature structure that would require upwelling
with cooling and downwelling with heating, while the
measurements reveal the contmxy“. Since the DE-2 meas-
urements call for a source of heat at the EIA crests where
winds are damped, Fuller-Rowell suggested that chemical
heating could be responsible for ETWA. The large fraction
of the ionization energy from recombination could be
converted to heating of the neutral gas. At the peak of the
EIA crests, the two stage recombination process of O"ions
is exothermic and is controlied by the rate of the reaction
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Fig. 10 (left) - Two dimensional simulation of ETWA based on
jon chemical scheme involving exothermic reactions®.

0 45 9

with N2 and Oz. The combined heating rate at 300 km for
an exosphenc temperature of 1000 K was estimated to be
~ 200 K/h® . Fig. 10 depicts the ion chemical schemes
suggesting that chemical heating could be a possible can-
didate for ETWA. The chemical heating proposed by
Fuller-Rowell et al.*® occurs irrespective of the time of the
day and is dependent on the constituent densities only. How-
ever, the magnitude of the estimated heating is not always
commensurate with what has been observed by DE-2.

More recent, detailed, studies using the DE-2 data
enable the quantification of chemical and ion drag contri-
butionto ETWA. During nighttimes, whatever ETW A had
been detected by DE-2 could straightaway be ascribed to
the chemical heating, as the ion drag-effects would be
negligible due to the F-region dynamo action, and the
relative velocities between ion and the neutrals being
negligibly small. The estimates revealed ~ 30% contribu-
tion due to chemical heating whlle the remaining to be
related to the ion drag effects'!; thus offering a viable
explanation for the occurrence of ETWA.

) The Midnight Temperature Maximum (MTM)

The local maximum in neutral temperature around
midnight hours over low/equatorial latitudes is referred to
as the Midnight Temperature Maximum (MTM). The first
ground based observations of certain manifestation of the
MTM were made by GreenspanS from equatorial lati-
tudes, and by Nelson and Cogger5 from Arecibo, using
OI 630.0nm photometers. The red line intensities regis-
tered enhancements, the local time of, occurrence of which
shifted systematically to later times as one moved away
from the equator. Behnke and Harper 2 Jater explained the
downward movement of F-layer due to the MTM associ-
ated pressure bulge over the equator. Jicamarca radar
results on electron temperatures presumably linked to
MTM, revealed that the MTM appeared, at local midnight
during local winter, and at 2100-2200 LT during local
summer (Fig. 11a). The first in situ measurements of MTM
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were made by Spencer ef al.>> using the Neutral Atmos-
phere Experiment (NATE) in the AE satellite. The simul-
tancous measurement of meridional winds confirmed the
polarity reversal in them during MTM. Seasonally, the
MTM is known to occur earlier and stronger in local
summer and symmetrically during equinox. However, the
general pattern had been an MTM which is centered on the
geographic equator with two additional maxima (Fig.
11a). A comprehensive review on MTM is available in the
literature>*,

From the Indmn longitudes Renganathrao and
Hanumanth Sastri’> studied the characteristic features of
the MTM from Kavalur (12.5° N dip lat. 4.25° N) using
ground based high resolution spectrometry of the ther-
mospheric Ol 630.0nm airglow line. They had observed
the occurrence to be atleast one hour after midnight during
local winter and just before midnight during vernal equi-
nox, in broad agreement with the Jicamarca radar results
(Fig. 115). As for the amplitude of the MTM is concerned,
it had been shown to be lar 5%er in the Indlan logitude, than
in the Americal longitude™. Sastn ef al’ also provided
direct experimental evidence by coordinated optical and
ionosonde measurements for the significant control the
MTM and the associated thermospheric dynamics have on
the low latitude F-region (Fig. 12) thus providing further
congrmation to the inference made by Behnke and Har-
per’”.

A plausible exg;lanatxon for the MTM was first of-
fered by Mayr et al.”” which was later supplemented by
Herraro ef al.*. The MTM was ascribed to ion-neutra!
momentum coupling processes. The diurnal wind vari-
ations when coupled to the diurnal ion density vanations,
wavelike oscillations would result in an MTM. In other
words, nonlinear interaction of the higher tidal modes of
the thermospheric winds driven by solar in situ forcing and
the modulation of the electron density by the production
of the F-region ionization would be responsible for the
MTM (Fig. 13a).

However, simulation studies using the NCAR-
TGCM model could not reproduce the MTM inspite of
including realistic solar forcing and ion-neutral momen-
tum coupling in it. But once the effects of waves originat-
ing from the lower atmosphere were included the MTM
could successfully be repmduced (Fig. 13b). Through
detailed simulation studies using the TIEGCM model, it
had been shown that the upward propagating semidiurnal
tides might really hold the key for this phenomenon. The
major dlfference between the above suggestion and that
from Mayr et al’ belng that, in the case of the latter, only
contributions from symmetric diurnal modes with identi-
cal horizontal and vertical extent were included, while the
current understanding is, that, the symmetric mode con-
tributions for the upward propagating waves are negli-
gnbleﬂ" 63
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Inspite of the successful simulation by the TIEGCM,
still there are certain limitations as the low latitude iono-
sphere is not realistically simulated by the model. It could be
seen in the failure of the TIEGCM model in reproducing the
post-sunsetF-regionuplimnem“. Notwithstanding this limi-
tation, it could be considered that, that the day-to-day vari-
ability could as well be due to the variability in the upward
propagating tides, while the seasonal variability could be due
to the interaction between the (2,2) and (2,3) modes as they
reinforce each other in summer and offset in winter. More
detailed investigations are called for with a realistic low
latitude ionosphere serving as input to the model.

g) Equatorial Spread-F (ESF)

The phenomenon of equaiorial spread-F (ESF) re-
fers to one of the turbulent conditions of the nighttime
equatorial ionosphere, wherein plasma density irregulari-
ties, the scale sizes of which range from a few centimeters
to several hundred kilometers, get generated under favour-
able conditions, mainly due to a hierarchy of plasma
instabilities operating therein. By far, the ESF is the most
complex and enigmatic plasma process and it manifests
itself in a variety of ways. For example, it is seen as
‘scattered echoes’ in ground based ionosondes, ‘plumes’
in the VHF-radars, ‘airglow intensity bite-outs’ in the
optical techniques, ‘bubbles’ in the in situ satellite meas-
urements and, VHF and UHF ‘scintillations’ in the ground
based receivers, which receive the satellite beacon signals.
The Rayleigh-Taylor instability is accepted to be the pri-
mary agency which destabilises the equatorial F-region
making the situation conducive for a hierarchy of instabili-
ties to operate. During post sunset hours over the magnetic
equator, due to the F-region dynamo becoming active, the
F-layer gets lifted to great heights and a steep density
gradient in the bottomside gets developed due to the com-
bined action of the uplifting and the chemical recombina-
tion in the E and F layers. The situation is analogous to a
heavier fluid over a hghter ﬂmd ie., the hydrodynamic
Rayleigh-Taylor 1nstab1hty 5,66 Onset of the instability
results in the upwelling of F-region of low density bottom-
side plasma, often to even 1000km and beyond, over the
equator. The depletions are field aligned and therefore map
along the entire magnetic flux tube to even beyond +15°
in latitude. In the zonal direction it may typically extend
around 100-200km and drift towards east with a velocity
of 50-150 ms™. On the average, the density depletions
could be anywhere between 1-4 orders of magnitude. The
walls of the depletions, where one encounters the steepest
of the gradients, serve as the seat for the smaller scale
density structures”’

There is a stiong longitudinal dependence in the
seasonal occurrence pattern of ESF. In the Atlantic region
its occurrence is most favoured during northern winter, in
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the pacific region during northern summer and the South
American and Asian zones durin% equinoctial peri-
0ds®6% 71 Maruyama and Matuura 8 attempted to ex-
plain the behaviour during solstices based on the
meridional winds causing redistribution of ionisation i.c.,
when the EIA peaks are symmetric, ESF occurs and when
they are asymmetric, presumably due to meridional winds,
ESF gets inhibited. On the other hand, Tsunoda®® ex-
plained the equinoctial maxima to be determined by the
magnetic declination and geographic latitude of the mag-
netic equator i.e., in other words, based on the alignment
of the solar terminator with the geomagnetic flux tubes,
which results in enhanced polarization field and conse-
quent plasma drifts. Both the above mechanisms have their
own limitatior, as in a given scason and solar epoch and
under seemingly identical ionospheric conditions ESF
might occur on one day and might be totally absent on
another, thus making the day to day variability into an
enigmatic problcmm'ﬂ.

The two approaches presently being contemplated
arc 1) the F-rcgion during post sunset period is delicately
balanced and an initial perturbation under favourable con-
ditions could destabilise the same resulting in ESF and ii)
cveryday by default ESF should occur and an inhibiting
agency controls the evolution of the same.

One of the prerequisites of ESF is the lifting up of
the equatonal F-region to heights beyond 350-400km by
the electric field generated due to the F-region dynamo7 )
[ During daytime conditions because of the presence of
the E region, which is connected to the F-region by the
highly conducting geomagnetic field lines, the F-region
dynamo fields get shorted out and the E-region effectively
controls the physics. The small daytime vertical clectric
fields in the F-region is presumably the meridional E-re-
gion electric fields mapped up along the ficld lines. In the
post sunset pcriod, however, the vertical field 1s enhanced
duc to the local F-layer dynamo during all epochs and
scasons except during solar minimum periods. Heelis et
al’”* successfully predicted the post sunsct cffects by
including horizontal conductivity gradients in addition to
the well-known vertical gradicnts. Near a sharp east-west
gradient as onc cncounters during sunset, an ¢nhanced
zonal clectric field gets cstablished in order to keep
V.J=0 (Fig. 14a).

In another simulation, Farlcy et al.” rctained only
the F-region electrody namics and suppressed the E-region
dynamo and imposed a uniform wind ficld. The shorting
effect of the E-region was demonstrated during daytime
and cnhancement scen at both the terminators. Fig. 1454
conceptually offers an explanation o the F-region dy-
namo. When the wind blows across the tcrminator, it
generates a vertically downward clectric field substan-
tially larger in the nightside as compared to the dayside.
This ficld when mapped o the E-region off the equator
would drive a westward Hall current and results in a net
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accumulation of negative charges at the terminator creat-
ing a localized zonal E¢ perturbation. Thrs field when
mapped to the F-region, crosses with the N-S magnetic
field and results in the post sunset uplifting of the F-layer.

The third mechanism proposed by Haerendal and
Eccles?® tries to account for the unaccounted surge in
electric field by incorporating the electrojet effects during
sunset hours. It is envisaged that in order to maintain
current continuity, there would be a vertical current flow
at the sunset terminator which would result in an enhance-
ment of the postsunset polarzation electric field. Though
presently, the first mechanism is more favoured77, further
experimental confirmation is needed. It is an important
element as post suset uplifting is essential for ESF and a
complete understanding is a must in order to be able to
predict its occurrence.

Generally, it is believed that gravity waves provide
the necessary seed perturbation which have been detected
from the height modulation of the F-region’®"°. Satellite
measurements (SANMARCO-D) revealed that equatorial
plasma depletions are associated with eastward electric
fields ran%ing from3-30 mVm™! corresponding to upward
velocities® of 100-1000 ms™" and on rare occasions even
bubbles with supersonic velocities have been recorded®".

Several attempts have been made to develop linear
theories and nonlinear numerical simulation in order to
understand the complexities of the phenomenon65’82_ A
review of these aspects has been given by Ossakow®®.
Sckar and Ragha\'arao83 derived an expression for the
growth ratc of the generalized R-T instability including the
effects of neutral winds and demonstrated that vertically
downward winds could play a crucial role inenhancing the
growth ratc of the R-T instability (Fig. 15). Haerendal®®
highlighted the need for considering field line intcgrated
1onospheric quantitics. These quantities along with realis-
tic atmospheric and ionospheric densita' models were sub-
stituted 1n the growth rate expression 4 The growth rate
being positive 1mplicd occurrence and negative implied
nonoccurrence of ESF. A new derivation of the linear R-T
growth rates including the effects of ionospheric electric
ficlds. ncutral winds. a finite E-region and horizontal
ionospheric gradicnts in density and conductivity has been
made by Sultan®®. The important result of the above at-
tempt is that the time/altitude domains of positive growth
rate coincided with obscrvations on a larger time frame
(Fig. 16). A detailed trecatment of this new linear formula-
tion is availablc in the above referred litcrature.

However, the evolution of the ESF phenomenon is
nonlinear and therefore only nonlincar numerical simula-
tion could give a realistic picture on its evolution®™
Very important results highlighting the role of ncutral
dynamics in the tnggenng and cvolution of ESF demon-
strating that vertically downward winds could cnhance the
growth rate of plasma instability has been obtained. Fur-
ther, the threshold limit for the initial perturbation ampli-
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Fig. 16 Observed and estimated growth rates of the ESF, the latter having been done by takmg into account the electric fields, neutral
winds, a finite Ii-region and horizontal ionospheric gradients and conduclmty

tude was shown to be an order of magnitude less and only
0.5% under favourable conditions when all the other des-
tabilising factors likc the electric ficld, neutral winds (bolh
zonal and vertical) are in phasc and favour the mstablhty
The role of topside electron density gradient in the ev olu-
tion of a plasma bubble was highlighted explaining the
different mamfestatmn of abubble viz. mushroom or pillar
like structure’® and also the role of fringing ficlds in the
generation of density irregularities in the bottomside F-re-
gion where the conditions including the plasma dens%y
gradient are otherwise not conducive for any instability
have been obtained, through nonlinear numerical simula-
tion techniques (Flg9 17)
Laakso et al. based on vector clectric field and
plasma density measurements using San Marco D satellite,
revealed the complexities in the bubble structure and its
evolution. Examples of updrafting bubbles (with positive
Ey enhancement with an eastward tilt) and downdrafting
bubble have been shown by them, though the latter is not
very common (Fig. 18). In the example depicted above
within the depleted reglon the downward drift spaced had
been of 80-130 ms™ " faster than the ambient plasma. Patra
et al.>* have provided examples of irregularity structures

moving downwards as seen from the Indian MST radar, at
Gadanki, Tirupati (13.5° N, 79.2° E, diplat.6.3° N).
They had suggested that the above event could be an
example for the downdrafting of a plasma bubble as seen
by a VHF coherent radar. Sekar’ through nonlinear simu-
lation studics demonstrated that it may not be that simplc an
explanation. as the reversal in polarity of the electric field
could at the most inhibit the evolution of a bubble and
stabilize the F-region and never it could make a depleted
structure move downwards along the gravitational force. As
suggested by him the irregularity structures detected by the
radar could as well be a region of enhanced densities which
usually flank a depletion on either side close to the wall of the
bubble making the distinction extremely difficult. The point
is under heated debate and more intense studies, both obser-
vational and theoretical are needed to unravel the enigma.

Once, both the neutral dynamical and electrody-
namical parameters independently control the evolution of
ESF, it is but natural that this phenomenon would be
affected during geomagnetically disturbed,periods as well.
The analogy is similar to the occurrence of EIA. An
increase in the evening transequatorial wind/or a decrease
in zonal wind arising from storm induced disturbance



332

R SRIDHARAN

- B =5 .
No x10 i3 Nox 10 cri3
0.5 1.0 1.5 20 05 1.0 1.5 2.0 25
§ 0 0 4———S-imasn_ TRL 7 S e WV ry L L
. . 1109 Seca 1100 Sewe
"o vire® ~‘!'v.'_n-v o
—~ ’ | ’ (9
&
x~
w
(@]
D
Lany
f—
-
<C

-100 =75 -50 =25 0

100 -75 -50-25 0 25

ZONAL DISTANCE (km)

5 3. 10E6
487 1
x460p W e T Eeo- \
w >
S 393 == \
) J 40t
= — K
- \_/_5— 220t
< 346 =] =
T
S~ — g 0 L N L L =~
299 w9 1 2 3 4 5 6
Percentage of Initial Perturbation
252 4
-100 -50 0 50 100

ZONAL DISTANCE (km)
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thermospheric circulation would enhance/inhibit ESF, de-
pending upon the local time sector. During sunset hours,
the disturbance dynamo electric ficld would inhibit EEJ,
EIA and also the ESF through inhibition of prereversal
enhancement of electric ficlds. Later in the night, the same
ficld enhances both EIA and ESF mainly through prompt
penetration of eastward electric ficld. However, there are
examples as shown by Abdu et al®® from coordinated

measurements from Brazilian and Indian longitudes which
are in the night and day sectors for the existence of longi-
tudinal structures in the disturbance dynamo field. While
in the evening sector. over Brazil. the disturbance dynamo
inhibited the evolution of ESF. no ESF was observed in
the predawn Indian sector, contrary to the expectation. The
competing nature of the neutral winds and the disturbance
dynamo were thus highlighted.
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Fig. 20 Examples for the observed variabilities being explained by parameterising the Ds; magnetic index and incorporating the same

in the MSIS-90 model "

Representation of the Equatorial/Low Latitude
Thermosphere-lonosphere System by.the Models

One of the primary objectives of any concerted study of
TIS would be to be able to reasonably model the behaviour
of the same for various geophysical conditions and even-
tually attain a reasonable level of predictability. The for-
mulation of the atmospheric model had been evolving with
time since some of the early attempts by Jacchia (1961,
1967, 1977) in Smithsonian Astrophysical Observatory-
Special Report to the latest MSIS-90°model. Onthe other
hand, the ionospheric models like empirical, semiempiri-
cal and analytical models have also been developed inde-
pendently. The Semiempirical Ionospheric Model
(SLIM), Fully Analytical Ionospheric Model (FAIM),
Sheffield University Parameterized Ionospheric Model

(SUPIM), are some of the widely used ionospheric models
in addition to the International Reference Ionosphere (IRI)
based mainly on measurements. One of the most recent
models, viz., the Parameterised Ionospheric Model (PIM)
fairly reproduces many of the ionospheric phenomena®’.
The major attempt to develop a Thermosphere-lonosphere
Electrodynamical Global Circulation Model (TTEGCM),
the first of its kind®®, stands out in the modelling studies,
by treating both the neutral and ionised constituents in a
coupled self consistent manner. The complex nature of the
above model with super computational requirements re-
stricts the usage to a great extent. As mentioned during the
discussion on MTM, the TIEGCM inspite of its compre-
hension, is not able to depict the equatorial region well
including the prediction of the very well-known post sun-
set enhancement in the electric fields and the consequent
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lifting up of the F-region®. Efforts are on for the improve-
ment of the said model.

The MSIS-90 model stands out amongst the various
neutral thermosphere models, mainly because of its user
friendliness. It has met with remarkable success over mid
and high latitudes. However, this model too has significant
limitation when it comes to low and equatorial latitudes,
more so during magnetically disturbed periods. The meas-
ured thermospheric temperatures from low latitudes reveal
significant deviations from the model values. It was be-
lieved that it could be due to geophysical processes like
ETWA, MTM, etc. Large oscillatory features are seen on
several occasions (Fig. 19)*°. The model is not tuned to
reproduce such variabilities and is infact designed to rep-
resent only the average conditions. There had been a
debate in the recent times that the input to the MSIS model
representing the different geophysical conditions in the
form of magnetic indices like ap and kp may not be appro-
priate especially when it is applied to equatorial and low
latitude, and, it was suggested that, instead the ‘ring cur-
rent’ index Dy could be used'%. A method to parameter-
ize the Dy index was also suggested therein. The
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Fig. 22 One to one correlation between the integrated strength
of the equatorial electrojet and the strength of the equa-
torial ionization anomaly'%.

significance of Dy from the point of view of wind meas-
urements was demonstrated by Hernandez and Rofle!™!
over mid latitudes. They had even shown a linear relation
between the rate of change of Dsr and the wind magnitude.

Detailed investigation using ground based spectro-
scopic as well as satellite data revealed a one to one
correspondence between the time dalayed rate of change

337

of Dy and the unaccounted difference in the model and
measured temperature. The time delay had been shown to
have a seasonal dependence with a minimum in summer
{~ 11h) to a maximum (~ 16h) in winter months. The Dy
index could now be parameterized after accounting for the
local effects like ETWA and incorporated in the MSIS
model. The model had been shown to reproduce the ob-
served variabilities one to one'! irrespective of the geo-
magnetic activity levels (Fig. 20). More detailed studies
are called for in this direction.
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Fig. 23 The interrelation between the EIA and ESF - Stro&;
anomaly means more probable occurrence of ESF'%%!

Interrelation Between the Equatorial Processes

The unique equatorial/low latitude phenomena discussed
above are interrelated amongst themselves. The global
scale electric field in the east-west direction in the dynamo
region driven essentially by the zonal winds is primarily
responsible for the EEJ. It is the same zonal field that
results in the uplifting of ionization above 150km over the
dip equator only to diffuse along the geomagnetic field
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Fig. 24 Precursor to ESF in OI 630.0 nm dayglow based on the relation between EIA and ESF'7.

lines to higher latitudes resulting in the EIA. In fact, some
of the recent result'®? from coordinated OI 630.0nm day-
glow and VHF radar measurements from Thumba revealed
that the thermospheric dayglow lags behind the electric field
variations at the electrojet region, as obtained by the VHF
radar. The time delay was shown to be inversely proportional
to the strength of the EEJ or the driving electric field (Fig.
21). Raghavarao et al.'® did provide a clear cut evidence for
the one to one correspondence between the strength of the
EIA and the time integrated EEJ (Fig. 22).
Notwithstanding this sort of a relation between the
EEJ and the EIA, recent results revealed that the night time
phenomenon of ESF has a stmng relation to the daytime
EIA. Raghavarao et al'® showed using simultaneous

ionograms from two locations, one at Waltair
(17.7° N, 83.3° E, 10.6° N dip lat.) and another over
Ahmedabad that the ratio of electron densities at Ahmed-
abad and Waltair (V) at 270 and 300 km showed a steep
increase by a factor of 8-30 around 1730h on ESF days and
no such increase had been noticed on non-ESF da ;rs These
results have been confirmed also be Alex et al. 1°

23). It had been further strengthened by the OI 630. 0 nm
dayglow measurements from Waltair operated in a bldl-
rectional mode. Using the above logic Sridharan et al.°
did succeed in getting a precursor to the phenomenon of
ESF as early as 1600h. The above results (Fig. 24) reveal
the close interrelation that prevails between ESF and EIA
leaving the actual mechanism of the coupling open.
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One of the possible means by which these two
phenomena could be interrelated is through the intermedi-
ate geophysical phenomenon i.e., the equatorial tempera-
ture and wind anomaly. On strong EIA days, due to the
combined effect of chemical heating and drag-effect, en-
hanced temperature and hence pressure bulges get devel-
oped at the crest location. These pressure bulges would
have with them, the associated upward vertical winds.
Downward winds have already been detected at the trough
location by the DE-2 data*’. It has been suggested that
some sort of a circulation cell must be getting set up with
equatorward flow in the upper thermosphere and a return
flow at lower heights (Fig. 8¢). Rocket experiments did
show indications to this effect'®. It had already been
shown that vertically downward winds have the capability
to enhance the growth rate of the primary R-T instability
that evolves into an ESF event. This suggestion though
definitely plausible and has the potential of explaining the
day to day variability needs to be experimentally con-
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firmed on a case by case basis. In the modelling front,
improvement in the coupled thermosphere-ionosphere
models should be able to bring out the intéractive nature
of these processes.

Onthe whole, it could be seen that the equatorial/low
latitude Thermosphere-lonosphere interactions manifest
in a varety of ways ie., through various geophysical
phenomena during magnetically quiet or disturbed peri-
ods. Programme like the Indian Solar-Terrestrial Energy
Programme (I-STEP), the international programme like
‘space-weather’ are expected to provide a better under-
standing for the interactive nature of the Thermosphere-
Ionosphere System, in the years tocome.
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