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Tonosphere—thermosphere coupling

R. Sridharan

Physical Research Laboratory, Ahmedabad 380 009, India

Unlike other topics which discuss the coupling between
two different regions that are physically separated, the
topic of ionosphere—thermosphere coupling deals with the
interactive processes between two different constituents
namely, the charged and the neutral particles in the same
region. Due to the geomagnetic control of motion of the
charged particles, the two different constituents of the
upper atmosphere behave as independent parts of a
mutually coupled system. Some of the coupling processes
and their consequences are presented and discussed.

Our earth’s neutral atmosphere has been classified into
layers based on its thermal structure. While there is a
decrease of temperature with altitude in |the troposphere
and mesosphere there is an increase of )lhe same in the
other two regions namely the stratosphére and thermo-
sphere (Figure 1a). As could be seenj in Figure 1a,
thermosphere refers to that altitude region between
about 90—400 km and spans from the coldest (~ 170 K)
to the hottest (1000-2000 K) regions, thus constituting
a steep temperature gradient. At this height diffusive
equilibrium prevails in the different atmospheric species
and as a consequence the dominant molecular
composition at lower heights gives way to a predomi-

nantly atomic composition higher above (Figure 1b),
significant amount of solar EUV radiation is absorbed
in this region and this interaction is primarily
responsible for the formation of E and F regions of the
ionosphere (Figure 1¢). A variety of physical, chemical
and dynamical processes result in the redistribution of
ionization such that the maximum of ionization content
is retained in the F region of the ionosphere. Figure 1 ¢
depicts the layered structure of the ionosphere with the
typical thermal structure in the background. The
charged particle densities are of the order of 1 in 10°
during daytime conditions. Due to infrequent collisions
between the charged particles and the neutrals in these
heights, the motion of the charged particles is effectively
controlled by the earth’s magnetic field lines. Such
geomagnetic control adds new dimensions to the
interactive processes between the neutrals and ionized
part of the upper atmosphere. :

Historically, the different regions/layers of the
atmosphere, representing the neutral and ionized parts
have been studied as independent entities and the
mutual coupling between them had been ignored. The
reasons for this approach had been numerous and
include their differing chemistry and dynamics and also
their accessibility to investigation by different experi-
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Figure 1. ) Repr_esentative structure of the neutral and ionized parts of the atmosphere. a, Thermal structure and the classifications
made‘ on its bas1s.' b, The rel'atlvg neutral composition with altitude. Up to the turbopause thorough mixing prevails beyond which
the different constituents are in diffusive equilibrium. ¢, Structure of the ionosphere and the agencies that cause such a structure.
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mental techniques. For example, the ionosphere could
conveniently be probed from ground by means of radio
probing methods while studies on neutral atmospheric
processes could only be carried out by means of optical
techniques.

The dominant heat source of the thermosphere is the
ultraviolet and extreme ultraviolet radiation from the
sun. The daily variation in the level of solar radiation
would induce changes in the winds, temperature,
pressure and density fields. Such changes constitute the
so-called solar tides. As a consequence of this sort of
thermal energy input, what one encounters is a ‘hot’
dayside and a ‘cold’ nightside of the earth. Pressure/
temperature gradients are set up and energy and
momentum are transported in the zonal direction from
the hot dayside to the cold nightside. Figure 2 a depicts
the circulation patterns that get set up and, due to the
earth’s rotation on its own axis it would manifest as a
diurnal variation'. Apart from this, due to the
inclination of the earth’s spin axis with its orbital plane
around the sun, one encounters a warm summer and a
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cold winter hemisphere which results in interhemispheric
transport in the meridional direction (Figure 2b)'. In
addition to the solar photon flux, the upper atmosphere
receives energy from the solar wind through the
magnetosphere in the form of precipitation of high
energy particles and electric fields. Such interaction
processes get enhanced during geomagnetically dis-
turbed periods. At high latitudes, the magnitude of the
solar wind/magnetospheric energy influx often dominates
the heating from UV and EUV absorption and can be
visualized through Figure 2¢'. The first observational
evidence for the neutral atmosphere to get heated up
during geomagnetic storm was obtained by Jacchia
(1959)> by monitoring the orbital decay of near earth
artificial satellites. Later experiments onboard OGO-VI
and ESRO-4 satellites provided the morphology of the
disturbed atmosphere®*. These studies demonstrated
that there is a gradual increase in the N, concentration
of the disturbed upper atmosphere from two high
latitudes. The latitudinal gradient arises because the
solar wind/magnetospheric energy is primarily deposi-
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Figure 2 a—c.  a, Schematic representation of energy and mass trans-
port from the hot dayside to the cold nightside and the consequent
changes in the thermal and compositional structure thus manifesting
into diurnal variation'. b Annual variation in structure and
" composition due to the energy and mass transport from the hot
summer hemisphere to the cold winter hemisphere'. ¢. Energy and
mass transport from the poles to the equatorial latitudes during
geomagnetically disturbed periods and the consequent changes in the
He structure and composition'.
H
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ted in the auroral E-region, causing a vertical upwelling
of N, in the auroral F-region®. On occasions significant
deposition of energy occurs even at mid-latitudes®.
Since the storm energy source was generally believed to
be restricted only to high latitude auroral regions’ it
was believed that the magnetic activity induced/related
changes in the atmospheric/ionospheric parameters over
low and equatorial latitudes could only be due to
disturbance transport®. Mayr and Volland® and Hays
et al’ theoretically demonstrated that the cellular
upwelling initiated due to the hedting in the auroral
zone results in lateral flow thus extending the effects of
the heating on a global scale. There are several
examples which indicate the above picture to be
oversimplistic. Experimental evidences have been ob-
tained for direct deposition of energy even in the
equatorial zone causing significant changes in the
thermal structure and composition (Figure3a, b)'%'L.
The exact mechanism of deposition of energy is still to
be understood.

Over and above the diurnal, seasonal and latitudinal
variabilities, one encounters several wave phenomena
superposed over the quasi-steady winds and drifts.
Their periodicities range from a few minutes to several
hours. These waves are either generated in situ in the
thermosphere or get propagated from lower below.
These wavelike perturbations may either be systematic
as in tidal forcings or impulsive as it happens during a
geomagnetic storm.

Since the charged particles are formed out of the
surrounding neutral atmosphere, and as they form an
extremely small part of the overall concentration, any
change in the fundamental properties of the neutral
atmosphere like structure, energetics, composition and
dynamics would have its repercussions in the charged
particle distribution. However, due to the geomagnetic
confinement of the movement of the charged particles
they offer considerable resistance to the neutral motion
referred to as lon drag. It is now well accepted that the
ionospheric magnetoplasma could act as a source or

sink of momentum for the neutral thermospheric gas'?.

The neutral gas momentum equation in its simplifed

form could be written as'3:

0U/ot=¢(V,— U)+ other terms (1)

where U is the neutral wind velocity, ¢ the time and ¥,
the plasma drift velocity. e=a, B*/p,, where o, is the
Pedersen conductivity, B the magnetic field intensity
and p, the neutral mass density.

The plasma drift velocity ¥, is equal to (E x B)/B>. At
high latitudes ¥, is quite dominant and acts as a driver
for the thermospheric motions. At low latitudes Ex B
drifts are normally smaller in magnitude as compared
to the neutral motions (U). In this case ¥; would be
directed along B and is equal in magnitude to the field-
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Figure 3 a, b, a, Evidence by in situ measurements of neutral tempera-
ture (spectroscopically determined) for the direct deposition of energy at
the equatorial latitudes during a geomagnetic storm. The continuous
curve represents the model values for this occasion. The dashed curve
is the model profile for the measured exospheric temperature.
Localized heating effects are seen around 140 km*®. b, Observed N,
concentration over the equatorial zone (continuous curve) along with
the model (dashed curve) as measured by the Atmospheric Explorer
AE-E satellite for three orbits made on consecutive days (80-81) in
1979 along with the corresponding K, values confirming the direct
deposition of energy over the equatorial latitudes. The shaded portion
represents the duration of the orbit*.

aligped component of the thermospheric wind U i.e.
‘ ViU|=u siI}D cosI+uvcosD cosI:w sin I, where U“
is the field-aligned component of U, u the geographic
eastward component of U, v the geographic northward
component of U, w the vertical component of U; I the
magnetic dip and D the magnetic declination.
Neglecting the magnetic declination and the vertical
wind effects the momentum equations for the zonal and
meridional directions could be written as'>.

du/ot= —eu+ other terms, 2
dv/ot= —ev sin? I + other terms. 3)

CURRENT SCIENCE, VOL. 64, NO. 8, 25 APRIL 1993



REVIEW ARTICLES

In both equations (2) and (3) the ionospheric plasma
effect appears as a decelerating force, or drag on the
neutral wind and hence the term ‘ion drag’. It is a
frictional force and always opposes the motion. As is
evident from the above two equations, the drag is
maximum in the zonal direction and is proportional to
the zonal wind. In the meridional direction, however, it
is maximum at the poles and zero over the equator. As
it is dependent on the magnetic dip, there is a latitude
dependence of the drag force. The field-aligned
component of the meridional wind inturn serves to
transport ionization along the field lines and thus
modulates the drag offered to the zonal flow. The
vertical plasma drift (v cosI sinl) is maximum at
[=45° for any given wind speed.

With this background some of the interactive
processes that exist between the ionosphere and
thermosphere would be presented and discussed. Ample
evidences exist through systematic coordinated measure-
ments for the close coupling to prevail between the
thermosphere and the F-region of the ionosphere.

One of the elegant concepts that describes the
coupling between these two constituents of the upper
atmosphere is the servo principle by Rishbeth!*?. It
provides a convenient analytical description of the
ionospheric F,-peak, or the height of the maximum

electron density (h,,,), which is one of the observable

parameters. The h,,, is determined by both the loss of
ionization and its replenishment due to transport which
in this case is through plasma diffusion. For an
atmosphere consisting of a single species and for an F-
layer represented by a simple Chapman layer, h
shown to be located where

max 15

_ kD, sin*1

" 2H%(kac—1)’ @

B

where B, is the effective loss coefficient, D,, the plasma
diffusion coefficient (O* through O), H the scale height
of atomic oxygen O, I the magnetic dip and k, a, ¢ are
constants®®.

The balance height k. is referred to as the night
stationary level under simple photochemical equilibrium
conditions. _

The other parameters that would alter h,, are the
neutral winds in the meridional direction “and the
electric fields. The effect of these two parameters would
be to alter the balance height to a new level. For
example, a poleward wind U, would push the F layer
down as'®:

0, = (0o = hygy )2,

p

where a=2H?/D,(k+1) sinI and h_, and h, refer to
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Figure 4. .Response of the low latitude (Ahmedabad/Mt. Abu) F-region to the changes in the neutral temperature
demonstrating the close coupling between the low latitude thermosphere and ionosphere!”.
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the balance heights with and without the winds.
Superposition of an electric field would alter h,,, still
further by'®

Up = [(hO max)/a] + E/(B SIn I) (5)

The servo principle originally proposed for mid-
latitude locations has been found to be applicable to
low latitudes as well. These conclusions were arrived at
by means of coordinated optical and radio sounding
measurements from Mt. Abu and Ahmedabad"’ (Figure
4).

The optical probing of the appropriate airglow
emissions from the thermosphere is one of the ideal
means to investigate the thermosphere—ionosphere
coupling. The reasons are as follows—one of the
prominent natural airglow emissions from the thermo-
sphere is the OI 630.0 nm line emission originating
around 250 km with an emission layer semithickness of
~50 km. During night-time conditions the sequence of
chemical reactions that give rise to this emission is:

O™ the dominant ionic species [O* ~ N,] undergoes a
charge exchange reaction with O,

0*+0, » 0/+0. (6)

The resultant Oj dissociatively recombines with
ambient electrons such that

Oj+e — O*+0*, (7

O* — O+hv (OI 630.0 nm). (8)

The excited atomic oxygen O* is in a metastable
state having a typical lifetime of ~410s for OI 630.0 nm
emission. During this time interval the excited species
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Flgure S. Relation (11+4 km/100K) of the base height of the F-
region to the neutral temperature based on coordinated ionospheric
and thermospheric measurements!”,
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would experience sufficient number of collisions so as to
attain thermal equilibrium with the ambient species.
High resolution emission line profile measurements
would yield the dynamical parameters pertaining to the
neutral atmosphere. For example, the broadening of the
emission line is proportional to the kinetic temperature
and the shift in the centre of the emission line is
proportional to the line-of-sight velocity of the medium
as a whole. While the spectral information yields data
on the neutral atmospheric parameters, the intensity of
the emission line has been shown to be proportional to
the F-region plasma density. Therefore with a single set
of measurements one could talk about both the neutral
and ionized parts of the upper atmosphere. Radio
sounding methods like, for instance, ionospheric
sounders give us data on the altitudewise distribution of
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Figure 6. Behaviour of the low latitude thermosphere/ionosphere
system. 8, Measured and model neutral temperature (7},) over Mt. Abu.
b. Spectroscopically determined meridional neutral winds (U).
¢. Estimated h . for the measured T, and U based on the servo
principles along ‘With the independently measured h_, using ground-
based ionospheric sounder. The validity of the servo principles is
experimentally demonstrated?®,
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the F-region plasma density. Coordinated measurements
with high resolution Fabry-Perot spectrometers and
ionosonde would enable investigation on the thermo-
spheric/ionospheric system and the eventual coupling
between them.

Individual case studies have revealed that the neutral
temperatures have a one-to-one correspondence with the
movement of the F-layer yielding 11+4km/100 K
(Figure 5) as is expected in accordance with the servo
principles of Rishbeth!®. As a second step, the
measured neutral temperatures were made use of in the
servo equations to determine the balance height h,, and
the effect of measured meridional winds is incorporated
in arriving at the resultant h_, . These estimated h_,,
values were compared with independent h_,, measure-
ments using ground-based ionosonde. The agreement
had been fairly good (Figure 6) despite the electric field
effects not being accounted for 2. In fact the deviations
between the estimated and measured h_,, could be used
to derive the third parameter namely, the electric
field’®. Such case studies demonstrate the close
coupling that prevails between the neutral and ionized
parts of the upper atmosphere.

Though numerous examples for the prevailing close
coupling are available from satellite measurements at
high latitudes which results in large-scale features,
temporal variations and spatial structures, there are
many interesting phenomena at low and equatorial
latitudes as well.

One of the prominent features of this region is the
development of the equatorial ionization anomaly (EIA)
and the associated interactive processes. EIA primarily
gets formed due to the electrodynamical processes over
the equator (Figure 7). With the intensification of the
primary east-west electric field from morning to noon,
the F-region plasma gets lifted up due to the ExB
effect only to diffuse along the geomagnetic field lines to
higher latitudes. This eventually manifests as two crests
of ionization on either side of the dip equator with a
trough right overhead. Such non-uniform distribution
of F region plasma would then have its repercussions
on the neutral constituents and their behaviour. The

Figure 7. Conceptual diagram depicting the equatorial fountain
effect resulting in the generation of EIA.
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dependence of the neutral composition similar to the F-region ionization. Results based on OGO VI satellite data’®,
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first evidence came about from OGO V1 data during
high solar activity'®. It was shown that N, and O
densities also had their latitudinal distribution with
crests (10-20%) on either side of the dip equator
(420°), similar to the charged particles during noon
hours. Initially at dawn the neutral density maximum
was located over. the dip equator (Figure 8). Using a
quasi 3-D model Hedin and Mayr'® explained that at
the latitude of the ionization crest (+£20° dip lat.) the
energy transport by the thermospheric circulation from
the hot dayside to the cold nightside is damped by the
increased ion drag. As a result there is a build-up of
neutral density at these latitudes. Closer inspection of
such an interaction process indicates that due to the
enhanced ion drag the winds that redistribute the
energy from the hot to the cold side get impeded and as
a result more energy is retained on the dayside. As a
consequence one would expect to see higher neutral
temperatures at the latitudes where the EIA crest is
Jocated. Such effects are theoretically predicted by
Anderson and Roble?°. Recent results based on DE-2
satellite data by Raghavarao et al?! provided the first
experimental evidence for such interactive coupling to
be present (Figure 9). A decrease in the zonal winds and
an increase in the neutral temperatures have been
measured at the location of the crests of EIA in the
data from the wind and temperature spectrometer
(WATS) and Langmuir probe obtained simultaneously.
This effect, yet another strong case for the thermosphere
ionosphere coupling, is termed as ETWA (equatorial
temperature and wind anomaly). These results are fairly
new and more intensive studies are being carried out to
bring out all the characteristic variabilities of ETWA.
There are indications already for the neutral atmospheric
circulation pattern to get altered due to the two
pressure ridges getting formed along with the EIA
crests (Raghavarao, Personal communciation 1992).
Indications exist for a meridional circulation cell to get
formed which manifest itself as an upward wind at the
crest latitude and downward wind at the dip equator.
The presence of such downward winds especially during

evening twilight periods is likely to have significant.

control on the triggering of equatorial spread-F (ESF)
(Figure 10) which is one of turbulent conditions of the
equatorial F region®. ESF is formed due to plasma
instability processes operating in the evening/night-time
equatorial F region. However, apart from the electric
field and the E region conductivities, the neutral
dynamical parameters have been shown to be extremely
important in the triggering of the instability?3:24,

Once triggered, the ESF manifests itself into a
spectrum of irregularities with scale sizes ranging from
millimeters to hundreds of kilometers. Fluctuating
electric fields are also present. Since the ESF
irregularities are magnetic field-aligned, the Joule
heating effects associated with these fluctuating electric
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Figure 9. Development of ETWA in the equatorial latitudes
based on simultaneous measurements of electron density, neutral
temperature and neutral winds, once again demonstrating the close
interaction of the neutral and ionized constituents of the upper
atmosphere?!.

fields have been shown to be a significant source of heat
input along the magnetic flux tubes and are capable of
enhancing the neutral temperatures even by as large as
200-300 K25, It had been shown experimentally by
Rajaraman et al.>% that such enhanced temperatures are
often seen over Mt. Abu and are well correlated with
spread F occurrence over the equator (Figure 11). Once
there is an enhancement in neutral temperature, it had
already been shown that the F-layer height would
have a corresponding change!’.

On the whole, ESF is controlled by the E-region
conductivity, electric field as well as by neutral
densities and neutral dynamics. It has the capacity to

CURRENT SCIENCE, VOL. 64, NO. 8, 25 APRIL 1993



REVIEW ARTICLES

Nol'd. e

s )\ genae —

! 700 Secs ' "
CFFECT OF GRAVITY ’

{ .

e -

et AATLABS e o S st £00
900 Secs f 1100 Secs
EFFECT OF GRAVITY |1 EFFECT OF GRAYLTY ..

Mo
....

gﬁ»//& 300

r-———-—‘_‘ ./"f\
— e e T Q0]
E 00— ——

e RO e Q1003
E -100 -50 o 50 100 -100 -50 ] 50 100
 and 3 w ’
P T - B R N T M ’
i 500 MMMW_,M% W ATE-0E 500

1100 Secs
- EFFECT OF GRAVITY
MO VIO

" -100

oF  ZONAL DISTANCE (Km)

Figure 10. Results from a complex numerical simulation of the evolution of plasma depletions in the equatorial F-region

demonstrating the significant role the vertical winds could play.
evolution of a plasma depletion (bottom) for identical backgrou

alter the neutral atmosphetic parameters in a far away
region, only to be linked by the magnetic field lines
which in turn would alter the F-region heights. It is
indeed a perfect example of a complex interactive
thermosphere—ionosphere coupling process.

While discussing EIA and associated processes, one
of the significant developments in recent years has been
in the capabilities to retrieve faint emission features in
the presence of bright background continuum. On
account of this unique development in PRL, continuous
measurements of daytime airglow emissions have
become possible?”. The investigation of processes
related to thermosphere/ionosphere coupling by ground-
based optical techniques that were until now restricted
to only moonless periods of any night, could now be
carried out even during broad daylight and clear sky
conditions. The first results revealed that even during

CURRENT SCIENCE, VOL. 64, NO. 8, 25 APRIL 1993

The vertically downward winds have been shown to accelerate the
nd conditions?2.

daytime conditions the F-region plasma densities have
significant control on the thermospheric dayglow
emission?® (Figure 12). Coordinated ionospheric and
dayglow measurements have revealed that the plasma
densities are solely responsible for all the temporal
variabilities exhibited by the same?® (Figure 13). Large-
scale features possibly associated with the development
of EIA have been identified and interpreted using such
measurements®’.

There are several other phenomena like the midnight
temperature and pressure bulge over the dip equator
which is believed to be formed due to the tidal mode
coupling. The neutral wind diurnal variation is coupled
to the ion density diurnal variation through the ion
drag, thereby producing a semidiurnal term insitu®®
(Figure 14). In the study of this feature, both the
propagating tides from the lower atmosphere to higher
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Figure 11. Experimental evidence for the enhanced neutral tempera-
tures over latitudes away from the equator (Mt. Abu 204°N dip lat) to
be possibly associated with spread-F over the dip equator, suggesting
that the Joule heating due to the fluctuating electric fields associated
with spread-F could possibly be the cause for the enhanced T,2S.

above and those originating from high latitudes are also
considered to be important. As a consequence of the
generation of the above bulge the circulation pattern of
the neutral winds gets altered, finally resulting in the
movements of the F layer and formation of steep
gradients in F-region plasma densities latitudinally,
which would in turn be seen as strong meridional
intensity gradients (MIG) in the thermospheric airglow
intensities®® (Figures 154, b).

Apart from these, we also have processes like F-
region dynamo and the associated effects on both
neutral and plasma dynamics.

Most of the processes discussed so far, evolve slowly
and have some sort of a systematic behaviour. Sudden
impulsive inputs like what one encounters during a
geomagnetic storm provide deeper insight into the
coupling mechanisms and also about the relative
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Figure 12. One of the first continuous measurements of Ol
630.0 nm from SHAR (top) revealed the close coupling between the
F-region plasma densities (bottom) and the 6300 nm dayglow
emission indicating the dissociative recombination to be significant
even during daytime conditions?28.
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Figure 13. Measured and estimated intensities of OI 630.0 nm

dayglow for Mt. Abu and Ahmedabad. The estimated intensities are

for the dissociative recombination in which the measured F-region

electron densities (Ahmedabad) are used. The time difference is

ascribed to the physical separation (2°1at) of Mt. Abu and

Ahmedabad and the evolution of the Equatorial Ionization Anomaly
(EIA). Variation in the plasma densities is suggested to be solely

responsible for the observed dayglow variations?®.
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Figure 14. Schematic representation of the interaction between the
diurnal variation in ion drag and wind fields resulting in the midnight
temperature bulge3°.
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Figure 15. a, Midnight temperature maximum over the equator as
seen by the Atmospheric Explorer Satellite (AE-E) b, Consequent
midnight pressure bulge results in poleward winds pushing the F-layer
down along the magnetic field lines. The already prevalent
equatorward wind pushes the F-layer up. This would mainfest as
steep gradients in the F-region plasma density away from the equator
and could be seen as Meridional Intensity Gradients (MIG) in
630.0 nm airglow intensity originating in the thermosphere?'.
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importance of the various atmospheric/ionospheric
parameters. Controlled theoretical simulation experi-
ments are extremely useful in this regard wherein the
effects of a typical parameterized geomagnetic storm
could be simulated and compared with actual observa-
tions!2. Complex interactive thermospheric/ionospheric
general circulation models are being formulated taking
into account all the known interactive processes with
a primary aim of being able to predict the spatial and
temporal morphology of the thermosphere/ionosphere
system. Considerable progress has been made in recent
years and still more is to come in the coming years.
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