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Equatorial spread F (ESF), a manifestation of the plasma instabilities in the F region of the equatorial ionosphere, has been a subject of
active study for well over five decades. The early phase of ESF studies, based mainly on ionosonde data, was concerned primarily with
the morphological description and statistical characterization of the phenomenon. The application of high power VHF/UHF radar, rocket
and satellite techniques, coupled with theoretical and numerical simulation studies, marked the beginning of a new phase of studies
providing a physical insight into the plasma instability processes governing the onset and evolution of the ESF. The experimental and
theoretical developments in the field having been covered in earlier reviews, for the most part, the scope of this paper is limited to an
overview on the recent advances on ESF of current interest. The aspects dealt with, in particular, are : effects of vertical wind and electric
field on the evolution of ESF, gravity wave seeding of ESF, updrafting and downdrafling of plasma bubbles associated with ESF, and the
role of steepened structures and drift waves in the development of ESF.
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1. Introduction

The equatorial spread F (ESF) has been studied quite
intensively ever since it was first observed as characteristic
spread or diffuse condition of the F-region returned echo
on the ionogram'. The ESF, although meant originally to
convey spread condition of the ionogram trace, it has now
become generic to mean a wide class of irregularities in
the F region with scale sizes ranging from a few hundred
kilometers to a few centimeters. The early phase of ESF
studies, based primarily on ionosonde data, was concerned
mostly with the statistical and morphological aspects of
the phenomenon and has been reviewed in detail by Her-
man’. The entering of the high power radars on to the scene
as a powerful means to map the structure and dynamics of
ESF irregularities®*, combined with the in situ observa-
tions by rocket and satellite techniques™®, marked the
beginning of a new phase of the ESF studies. In parallel to
the observations by the advanced experimental techniques,
there have been rapid advances in theoretical and numeri-
cal simulation studies of the ESF7#%!%!! The combined
efforts of experimental and theoretical studies have con-
tributed greatly to the current insight into plasma instabil-
ity processes driving the ESF irregulanities. The
experimental and theoretical developments, starting from
the early radar observations and simulation studies, have
been, for the most part, extensively reviewed in a number
of papers'>'*!4!5 Hence, the scope of this paper is con-
fined to an overview on only the recent advances on some
of the important aspects of the ESF of current interest. The
specific aspects that are dealt with include : 1) the influence
of the background electric field and neutral wind on the

nonlinear evolution of the ESF, 2) the role of gravity waves
on the generation of the ESF, 3) updrafting and downdraft-
ing of the plasma bubbles (plasma depleted magnetic flux
tubes) and 4) the role of steepened structures and drift
waves.

The ESF, according to the current view, is initiated
in the post sunset bottomside F-region at longer wave-
lengths through a collisional Rayleigh-Taylor (RT) insta-
bility and extended to shorter wavelengths through
secondary processes'®. The evolution of the ESF has been
studied extensively by means of nonlinear numerical
simulation studies of the RT process. The recent simula-
tion studies by Sekar ef a/'°. take into account the effects
of vertical winds and zonal electric fields on the nonlinear
evolution of the ESF. It was shown through simulation that
a downward wind of 20ms™' would accelerate the evolu-
tionary process of ESF with significant effects extending
even beyond 350km. The effects of same magnitude could
be realized by introducing an eastward electric field of
0.76mVm™' instead of vertical wind. It was suggested that
the day-to-day varnability of vertical winds could be re-
sponsible for the day-to-day variability in the evolutionary
characteristics of the ESF. This aspect of the nonlinear
simulation study of the ESF is described in some detail in
section 2.

In the evolution of the ESF, one of the important
factors is the seed perturbation which is believed to be
provided by internal atmospheric gravity waves'’'%!°.
The gravity waves as a source of the seed perturbation for
the evolution of RT process are particularly effective under
conditions of spatial resonance?. It was shown recently by
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Sckar et a/*! that a seed perturbation as small as 0.5% could
evolve into ESF provided the nonlinear effects of the
vertical wind and electric field are taken into account.
Huang and Kelley?? have carried out recently a simulation
study of the nonlincar evolution of the ESF using a large
scale gravity wave seeding and smaller-scale initial den-
sity perturbation. They have shown through the simula-
tions that the large-scale gravity wave determines the outer
scale of the ESF irregularities by seeding the RT instability
and the smalier scale perturbation results in multiple
plumes on the west wall of a plasma upwelling. In a recent
study, Prakash?® has proposed a new mechanism for the
sced perturbation in the base of the F-region that is large
enough to initiate the ESF. The mechanism involves the
generation of electric field perturbations by gravity wave
winds in the E-region and their coupling to the F-region
along the field lines. Using realistic model parameters, it
was shown that it is possible to generate an electron density
perturbation in excess of 5% that is normally adopted in
the simuiation of the ESF. These recent developments on
the role of gravity waves as sced perturbations in the
evolution of ESF are discussed in section 3.

The numerical simulation studies carried out on the
collisional RT instability process have shown that in the
nonlinear regime, the instability development would lead
to the generation of plasma bubbles (plasma depleted
magnetic flux tubes) in the bottomside and their evolution
into the topside'®'"!®. There have been a number of theo-
retical studies aimed at understanding the vertical motion
of the plasma bubbles associated with the ESF?#%5:2627,
Using San Marco D satellite data, Laakso et al.*® were the
first to report an updraft followed by a downdraft of the
plasmabubbles. Recently, using the high power VHF radar
at Gadanki, Rao ef a/*’. have shown that downdrafting
plasma flow in a depletion channel extends as high as
550km in the topside and down all the way to E-region in
the bottomside. The theorctical and experimental studics
on the updrafting and downdrafting aspects of the plasma
bubbles associated with the ESF are presented in section 4.

In the context of the nonlinear evolution of the ESF,
the possibility of plasma organized in steepened structures
lcading to drift waves was first addressed by Costa and
Kclley*. According to the model proposed by them, along
wavelength RT mode nonlinearly cvolves into steepened
structures having power spectra varying as k™%, The steep
gradicnts arc unstablc to drift waves which may be respon-
siblc for some of the VHF radar obscrvations associated
with the ESF. In a recent study based on simultaneous
rocket and radar obscrvations at Kwajalcin and related
modclling by Hyscll efal*'3%33 it was shown that the ESF
is characterized by stecpened structures. and the coherent
cchoes observed at SOMHz by the Comcll University
portable radar interfcrometer and Jicamarca radar are
duc mainly to backscatter from these structures. A
discussion on the role of steepened structures and drift
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waves as brought out in the above studies is presented in
section 5.

Some special features which include bifurcation of
plasma bubbles, valley region ESF, explosive ESF and
supersonic velocities of the plasma bubbles form the con-
tent of section 6.

2. The Evolution of ESF

The high power radar observations made by Woodman
and LaHoz® at Jicamarca marked the beginning of a new
phase in the study of ESF. The plumes observed on the
radar Rz 1ge-Time-Intensity (RTI) maps have been inter-
preted in terms of plasma bubbles generated in the post-
sunset bottomside F-region and extended into topside due
to buoyancy. The authors postulated the existence of large
bubbles produced by nonlinear development of the gravi-
tational Rayleigh-Taylor (RT) instability. That the plumes
inthe RTI maps do indeed represent plasmabubbles hasbeen
confirmed through overwhelming evidence from combina-
tions of radar, rocket and satellite observations*>¢!734,
Simultaneous topside radar backscatter maps and in situ
rocket measurements were made during the PLUMEX-1
rocket flight>**. The most intensive backscatter was found
1o be co-located with the plasma density depletion®. The
plume like feature in the radar map is tilted to the west and
extends well into the topside. Further evidence for the
essential validity of the bubble concept has come through
nearly simultancous incoherent and coherent backscatter
measurements with the Altair radar at Kwajalein. The
Altair radar has also been used to scan in the north-south
direction to study the ficld aligned nature of the structures.
The VHF radar observations at Jicamarca and VHF and
UHF at Kwajalein have shown evidence of small scale
irregularities at 3, 1.93, 0.36 and 0.1 1m during ESF333637,

An important breakthrough in understanding ESF
came through the first numerical simulation of the
Rayleigh-Taylor instability by Scannapieco and Os-
sakow!'?. Their simulation shows the prdduction of plasma
bubbles in the bottomside F-region and their extension to
the topside through nonlinear evolution. Further simula-
tions considered the dependence on altitude of the F-peak,
density gradient scale length®® initial perturbations of
varying horizontal scale length, neutral wind and back-
ground Pedersen conductivity''3°. The simulations show
a remarkable agreement with the radar obscrvations of
equatorial spread F.

In the recent years, extensive experimental, theoreti-
cal and numerical simulation studies have been performed
on various aspects Of the ESF20’2]'22’28'29’3"32'33’40’4]‘42'43.
The Kwajalein obscrvations made with the Cornell Uni-
versity Portable Radar Interferometer (CUPRI) system
(Hyscll et a.3*) show many periodic plume structures with
no bottomside band structures unlike at Jicamarca. The
most rccent observations on the evolution of the ESF are
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from the recently established MST radar at Gadanki, India.
Figs. 1a & b show the power maps observed at Gadanki
on March 29 and September 30, 1994. The power map
observed on March 29 shows a bottomside band structure
followed by two discrete near vertical plume structures
resembling closely the plasma bubbles simulated through
nonlinear RT process' "', Following the occurrence of the
plumes, the bottomside slab structure, which is intact, is
found to descend at a rate of about 70ms™" all the way to
the E-region, an unsual feature observed at Gadanki. The
observations of September 30 also show similar down-
drafting feature but the structures are much different from
that observed on 29 March. The observations also show
many periodic plume structures in contrast to that ob-
served over Jicamarca and somewhat similar to that ob-
served over Kwajalein®®. From the observations it is clear
that while the basic instability mechanism for the genera-
tion of the large scale structures is established, there are
still some aspects which need to be understood further.
In order to understand the various features of the
ESF structures, a number of studies have been performed in
the recent years taking various destabilizing agencies into
account with the basic mechanismiasRT process. The effect
of zonal electric field and thezonial wind with tilted iono-
sphere to enhance or inhibit the growth of the RT mode has
been included in the so called Generalized Rayleigh-Taylor
(GRT) instability®*. In such a case, the linear growth rate
applicable to the equatorial geometry may be written as
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Fig 1 Height-time-intensity maps of the backscattered signal
from spread F irregularities observed at Gadanki on (a)
29 March 1994 (afier Patra er al*2.) and (b} 30 September
1994 (after Rao et al.”®).
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where L is the gradient scale length on the bottomside, o
is the tilt angle, which is measured positive from east
toward the zenith, the z axis is upward and the x axis is
eastward.

Raghavarao et al.* have studied the effect of verti-
cal winds on the growth rate of the RT instability. The
growth rates for the GRT instability with different desta-
bilizing factors computed by them are shown in Fig. 2.
They have shown that a downward wind of 1ms™' can
cause the same growth rate as a 200ms™! eastward wind at
260km, while a 16ms~! downward wind at 300km can be
as effective as that of gravitational drift. Recently, Sekar
et al.'® examined the effects of vertical winds and electric
fields on ESF and indicated that the downward vertical
wind and eastward electric field accelerate the evolution-
ary process of ESF. Their investigation is based on a two
dimensional non-linear simulation model with a slab ge-
ometry of the ionosphere. The x, y and z axes are directed
westward, upward and northward respectively. They have
used the equations of ion and electron momentum, conti-
nuity and current conservation as the basis for their simu-
lation. Under certain valid assumptions, these equations
are reduced to two differential equations :

B oén B on
V-(vinn V1) = - -8 5% + z W, vin Tx
03]
+ Vin E; 3y )
and
on 8 ,nc O 8 nc Og,

7 ® BTy BEH="Ww O
Eq. (2) is the differential equation for the perturbation
potential (¢;) ina generalized form, wherein the effects
of vertical winds (#)) and zonal electric field (Ex) are
included apart from the RT term due to gravity (g). Eq. (3)
represents the -plasma continuity equation wherein the
dominant transport term and the recombination effects are
included, the production being assumed to be zero. Using
a sinusoidal perturbation of 5% amplitude and suitable
boundary conditions for both the perturbation potential
and the plasma density in zonal direction, the differential
equations are solved numerically. The model calculations
are performed using (1) gravity alone as the driving agency
and (2) vertically downward wind of magnitude 20ms™’
along with gravity as the driving agency. The result of this
simulation is shown in Fig. 3. It is shown that the effect of
20ms™ vertical wind is equivalent to the effect of eastward
electric field of 0.76mVm™'. They have concluded that the
effects of vertical winds and eastward electric fields are
significant even beyond 350km where they are considered
to be less important according to linear theory.

In a further nonlinear simulation, Sekar ef al.*! have
shown that even an order of magnitude less perturbation
(0.5%) than that used earlier (5%) grows into a bubble
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Fig2 Computed growth rates for the destabilizing factors, viz., gravity, electric field, eastward wind
for a tilted ionosphere (10°) and vertical wind for two regions of plasma scale lengths L (110km
and 40km). ¥ is the algebraic sum of these growth rates, with the effective recombination
coefficient (vr) also depicted (after Raghavarao et al® ).
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Fig 3 Isoelectron density contours in zonal and vertical plane at 1100 sec after the onset time of the
instability for the cases (a) effects otl' {gravity alone and (b) with a downward wind of 20ms™

along with gravity (after Sekar et al. ).

provided the nonlinear effects of either agency such as
the vertical wind and the electric field, in addition to
gravity, are taken into account. Such a small perturbation
in plasma density can be generated by the fluctuating
electric field which is often present in the evening iono-
sphere.

Sekar and Raghavarao®, in a separate simulation
have shown that the plasma density distribution on the
topside of the equatorial ionosphere plays a dominant role
in the plasma bubble characteristics, viz., horizontal width,
vertical extent and its dynamical behaviour. The differ-

ences in the widths and shapes of the plasma bub-
bles/plumes observed over Kwajalein and Jicamarca have
been attri-buted to the differences in the plasma density
distribution in the topside ionosphere at the two locations.

3. Role of Gravity Waves on the Generation of ESF

A long standing problem concerned with the ESF is in
relation to the seeding mechanism which can help acce-
lerate the otherwise relatively slow growth of the RT
instability. Studies dating back more than 2 decades have
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presented evidence that atmospheric gravity waves play a
significant role in initiating nighttime equatorial F-region
instability. Rottger***’*® reported a series of wavelike
structures of large-scale ESF irregularities and put forward
the notion that the gravity waves produce these structures
via the spatial resonance mechanism. Klostermeyer® per-
formed the numerical calculations of the spatial resonance
mechanism using a turbulent dissipation to limit their
amplitude and applied his results to explain the observa-
tions of Rottger***"*®. However, Kelley et al.!” argued that
gravity wave interaction alone cannot yield a large dis-
placement observed without further amplification by the
RT instability. The observations of Kelley ef al.'” and
more recently that of Hysell et al.** and Rao et al.?® show
such periodic structures which correspond to medium
scale gravity waves. It has, therefore, become a common
practice to invoke the gravity wave as the seed perturbation
for the growth of the RT instability. A RTI map observed
recently at Kwajalein®®, revealing many periodic plume
structures, is shown in Fig. 4. There are as many 10 plumes
which are separated in time by 20-30min. Huang et al.'
have proposed a theory of gravity wave seeding of ESF.
They have shown analytically that gravity waves can
initiate the RT instability and result in large amplitude
ionospheric perturbations when the drift velocity of
plasma is equal to the phase velocity of the seed gravity
wave which is termed the spatial resonance. In a recent
two-dimensional simulation, Huang and Kelley*> have
reproduced the periodic plume structures as shown in Fig.
5. When a large-scale seed gravity wave and a small-scale
initial density perturbation are used simultancously, it is
observed that the large-scale gravity wave determines the
outer scale of the ESF irregularities by seeding the RT
instability and the small scale perturbation results in mul-
tiple plumes preferentiaily located on the west wall. They
have also reproduced the bifurcation of plasma bubbles in
their simulation.

A new mechanism for the generation of the ESF by
the E-region perturbation electric field has been proposed
by Prakash and Pandey*’. They have examined the possi-
bility of the perturbation electric field associated with the
E-region irregularities as the seed for the ESF generation.
The perturbations in electric field, when transmitted to the
F-region, can generate the electron density structure re-
quired for the seed perturbation to initiate the ESF. They
have assumed the gravity wave wind driven electron den-
sity irregularity as the mechanism for the perturbation
electric field in the E-region. Perturbations in electron
density of gravity wave scales have been measured in the
E-region over Sriharikota. In a recent study, Prakash® has
proposed a new mechanism for a seed perturbation in the
base of the F-region that is large enough to initiate the ESF.
According to this mechanism, the zonal winds in the
intermediate region'and the F-region give rise to the radial
electric fields which together with zonal fields drive cur-
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rents in the E-region where the flux tube integrated Ped-
ersen and Hall conductivities are perturbed by the electron
density irregularities produced by gravity wave wind. This
results in the perturbations of zonal and radial electric
fields which, in turn, produce seed irregularities in the base
of the F-region. Using realistic values of various parame-
ters, the amplitude of perturbations in the vertical plasma
drift velocities have been found to be 6.5ms™. This ampli-
tude is sufficient enough to produce 5% perturbation in
electron density near the base of the F-region normally
used in the simulation of the ESF.

4. Updrafting and Downdrafting of Plasma Bubbles

The dynamics of the plasma bubbles (plasma depleted
magnetic flux tubes) is one of the important aspects of the
phenomenon of equatorial spread F (ESF). There have
been a number of studies aimed at understanding the
vertical motion of the plasma bubbles associated with the
ESF?423.2627 The theoretical model of Ott** showed that
in the collisional limit of the RT process, the bubble rise
velocity depends on its altitude through the ion-neutral
collision frequency, but not on its size. In the inertial limit,
however, the velocity is independent of altitude but de-
pends on the bubble size with velocity proportional to the
square root of the radius of the rising bubble in a fluid.
Ossakow and Chaturvedi®® have analyzed the rise veloci-
ties of the plasma bubbles in the collisional RT regime for
different bubble shapes. The analysis has made evident the
implication of zonal electric field to the bubble rise veloc-
ity for the case of a linear model. They have pointed out
the effect of nighttime westward electric field on the
vertical motion of the plasma bubbles but made no men-
tion about the downward motion of the plasma in the
depletion channel. Further insight into the vertical motion
of plasma bubbles has been gained through the work of
Anderson and Haerendel?” who considered the problem,
incorporating flux tube integrated quantities of electron
content and Pedersen conductivity. According to them, if
the ambient electric field reverses direction during the
bubble’s initial growth phase, the depleted region will
change direction and move downward but not necessarily
with the velocity greater than the ambient plasma drift.
The discussion related to the plasma bubbles asso-
ciated with the ESF, however, was concerned generally
with the rising bubbles or plumes as seen from both theory
and observations. Laakso ef al.2® were the first to report an
updraft followed by a downdraft of the plasma bubbles
from the San Marco D equatorial ionospheric satellite data.
Fig. 6 shows the simultancous observations of depletion
and the westward electric field. The westward electric field
is observed as high as 4mVm™ which means the plasma
in the depletion region is moving downward with
~160ms™'. They have shown that both updrafting and
downdrafting can be expected on the basis of the RT



370

1990/07/27

PBRAO AND AK PATRA

9001

8004

on ~
o (-]
o o
A 1

)
3
,

400+

3004

Altitude (k

2001

800 830 5 9:30 10:00 1030 11:00 11°30 12:00 12:30 13:00 13:30
~12 -6 0 6 12
Fig4 Coherent backscatter power received by the CUPRI radar on 27 July 1990 as a
function of range and time (RTI) (after Hysell et al.3?).

2-D gravity wave seeding with 0.02 density perturbation

ALTITUDE (km)
ALTITUDE ( km)

800
€ t
2 3
350 §
300 200
-200  -100 () 100 200 ~00 -0 0 100 20
EAST (km) WEST EAST (km) WEST
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density perturbation are 33 and 15km respectively (after Huang and Kelley??).
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the y-component of the d.c. electric field () and the
bottom panel is the ion density (N,). Density depletion
regions shaded in gray are associated with enhanced zonal
electric fields resulting in large vertical plasma flows
(after Laakso et al.n).

instability process. They have calculated the electric field
inside the bubble using the basic equation of momentum
applicable to charged particles. This includes four driving
forces that affect the motion of the charged particles in the
F-region: electric field, neutral wind, gravitation and pres-
sure gradients. Neglecting the pressure gradient term (be-
ing small), they have expressed the irregularity vertical

drift velocity as:
Ey || no 1
Blln )

where Eyo and no are the background eastward electric
field and the electron density, n; the electron density inside
the depletion, g the gravity, vin the collision frequency and
U the vertical neutral wind. From the above expression
they showed that as the background zonal electric field
becomes westward, the plasma in a depletion channel may
assume a downdrafting motion at altitudes less than about
400km, while the flow remains upward at higher altitudes.
Such a simultaneous occurrence of the updrafting and
downdrafting plasma flow in a single bubble channel may
lead to the pinching off of the upper part of the depletion
region from the lower part.

On the plasma flow inside the depletion channel, the
most recent VHF radar observations by Rao ef al.”® have
brought out some interesting new features. These observa-
tions were made with two VHF radars, one at Gadanki
(mag. lat. 6.3°N)and the other at Trivandrum (mag. lat.
0.3°N). The observations have shown that plasma inside a
bubble can assume both upward and downward drifts
depending upon the background zonal electric field and
the vertical neutral wind. They have observed downward
motion extending to as high as 550km in contrast to the
model prediction given by Laakso et al.?®. Figs. 7a&b
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show respectively the Height-Time-Intensity (HTT) and
velocity maps observed on 1 March 1996, representing the
vertical irregularity drifts associated with, the ESF. It
should be pointed out that the observations made by
Laakso et al. are limited in the sense that the satellite
measures only at a particular height whereas the radar
provides the drift of the irregularities over a large extent
of altitude. To explain the downdrafting extending upto
5350km in their observations, they have emphasized the
importance of the field-line integrated plasma parameters
insteag of the local parameters in contrast to that of Laakso
et al®

The simultaneous radar observations made at Tri-
vandrum and Gadanki on 21 March 1995 are shown in the
form of HTI maps in Fig. 8. The observations, with two
prominent structures during 2050-22 10hrs, are found to be
well correlated and, normalizing to the same system sensi-
tivity, the peak signal intensity at Trivandrum is about 6dB
above that at Gadanki. The height levels of the maximum
signal intensity associated with the two plasma upwellings
at Gadanki and Trivandrum are found to be about 325 and
400km. This height difference is in good agreement with
the difference of 80km in the height of the magnetic flux
tube linking Gadanki to the equator at the height of 400km.
For the radar geometry at Trivandrum, using the observa-
tions of maximum range extent and the time it takes for a
depletion channel to drift through the radar beam, it is
possible to infer the zonal dimension and drift velocity of
the depletion channel. For the observed two depletion
channels, they are estimated to be 70km and 70ms™' and
90km and 70ms™'. The estimates of zonal dimension ob-
tained here are of the same order as reported from the
satellite observations?®.

The height-time variations of the Doppler velocity
observed on 21 March 1995 at Trivandrum and Gadanki
are presented in Fig. 9. The velocities observed at Gadanki
are found to be in the range of about 100 to -50 ms™'. For
Trivandrum, where the radar is directed at 30° magnetic
west of zenith, the velocities fall in the range of about 50
to -120ms™'. The velocities are found to be predominantly
negative which secems to be due to an eastward flow of
plasma during nighttime. For a zonal drift of 70ms™" as
inferred from the HT1 maps, the vertical velocities for the
two dominant structures are estimated to be downward at
40 and 75ms™' as against 30 and 50ms ™! at Gadanki. These
values are well above the nighttime downward back-
ground plasma drift velocity implying that the downdraft-
ing structures are plasma depletions.

S. Steepened Structures and Drift Waves

An analytical model by Chaturvedi and Ossakow' for the
bottomside ESF indicates a coherent development of the
RT instability which is likely to evolve into steepened
structures. The role of steepened structures and drift waves
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Fig 7 (a) Height-time-intensity maps of the backscattered signal from spread F
irregularities; and (b) associated Doppler velocities observed at Gadanki
on 01 March 1996 (after Rao et al.?).

in the context of the nonlinear evolution of the ESF has
been examined by Costa and Kelley®2. According to the
model proposed by them, a long wavelength RT mode
nonlinearly evolves into steepened structures having
power spcctra varying as k2. The steep density gradients
are unstable to short-wavelength drift waves which evolve
from the nonlincar development of an unstable long-wave-
length mode. A linear theory for the collisionless drift

wave instability givenby Costa and Kelly* shows that the
growth rate is maximum for k; oy = 1.5, where k; is the
wavenumber of the drift wave and p; is the ion gyroradius.
Huba and Ossakow’? have given a linear theory for low-
frequency collisional drift waves and showed that the drift
waves in the 3 meter regime, which are of interest to the
VHF radar observations at Jicamarca, are heavily damped
due to ion viscosity. It was shown that, unless n < 2 x 10
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horizontal scale is the distance below apogee in kilome-
ters (top). The average power spectral density con-
structed from the spectra of four sequential simulated
density profiles (bottom) (after Hysell et al?).
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Fig 9 Height-time vanation of the Doppler velocity of the ir-
regularities observed in the direction 30° due magnetic
west of zenith at Tnivandrum (top) and transverse to the
magnetic field in the meridian plane at Gadanki (bottom)
(after Rao et al.”®)

cm™ for density gradient scale lengths of >75m, it is
improbable that low frequency drift waves can linearly
generate the 3m irregulanities observed during ESF. Using
rocket data of project Condor, LaBelle et al.>* have con-
firmed that at altitudes above 280km, the spectrum of
density irregularities follows 72° for larger scale sizes
(A <100m) and k° for shorter scale sizes (4 < 100m). They
have found that, while the low altitude spectrum is consis-
tent with classical electron diffusion, the high altitude
spectrum requires a diffusion coefficient enhanced by 2-3
orders of magnitude above classical diffusion. The en-
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hanced diffusion coefficient is consistent with the anoma-
lous diffusion that could arise from drift waves as a result
of nonambipolar diffusion and wave-particle interaction
acting at the scale of ion gyroradius.

The role of steepened structures has been further
examined by Hysell et al.*? using data from simultancous
radar and rocket experiments at Kwajalein during July-
August 1990. The rocket experiments have shown that the
unstable nighttime F-region is characterized by propagat-
ing steepened structures. A plot of dn/n with distance
showing steepened structures and its power density spec-
trum arc shown in Fig,10. The power spectra exhibit two
rcgions that obey 4™ scaling, where n isinthe range of 1.5
to 2 at wavelengths greater than 80-100m and 4.5 to 5 at
shorter wavelengths. Hyscll ef o/ have developed a
secmicmperical model of the threc-dimensional spectrum
of the ESF irrcgularities that is consistent with the one-di-
mensional spectra of density fluctuations observed by the
sounding rockets. The radar cross-section at 3m computed
from the model is found to be within adB of that measured
by the Comnell University Portable Radar Interferometer
(CUPRI). It was argucd that the coherent cchoes measured
by CUPRI and Jicamarca radar arc duc matnly to scatter
from the steepened structures, and the Doppler spread of
the cchoes 1s duc to the advection of the structures. The
possibility of dnift waves contributing to the other scatter-
ing modes. however. is not entirely ruled out.

6. Special Features

a) Bifurcation of Plasma Bubbles

Bifurcation of plasma bubbles as they evolve into
the topside is a feature that has been observed inboth radar
and airglow mecasurements™* Recently, the bifurcation
phecnomenon has also been observed in situ with the San
Marco D satcllite data by Aggson et al.”>. Two possible
ways have been advanced to explain the bifurcation phe-
nomcnon: (1) If a stream of plasma flow is significantly
wide, it would bifurcate duc to differential motion. This
differential motion is duc to the localized vertical polan-
zation clectric ficlds at different locations within the bub-
ble. For this casc to occur, we have to have a large bubble
in the zonal direction. (2) If a stream encounters an ob-
struction, it could lead to the bifurcation of the bubble and
this could happen to both large and narrow bubbles. If the
top of the bubble (the outer boundary of the depleted flux
tubc) encounters a highly conducting E-region (e.g., spo-
radic E) at the foot of the flux tube, it could give rise to
bifurcation. In this casc the conducting E-region can be
considered as an obstacle®. Recent numerical simulations
reported by Huang and Kelley?'?24° show clearly the
bifurcation of the plasma bubbles. Their simulations sug-
gest that the bifurcation process is a highly nonlinear
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process. It appears now that although the bifurcation is
seen both in observations and simulations, the process at
work is far from understood and needs further study.

b) Valley Region Irregularities

The valley region irregularities which occur inbet-
ween the E and F regions of the ionosphere during night-
time are evident from the radar observations®>*#!'*?, The
valley region irregularities observed at Jicamarca are often
associated with the rising plasma bubbles. From these
observations, Woodman and LaHoz> and Woodman®®
have invoked the polarization electric field associated with
the bubble as the source for these irregularities. The east-
west electric ficld associated with the bubble sucks the
plasma from the E-region probably gencrated through the
metcoric ionization. Recently, Sekar et al.’” have mod-
elled the effect of the fringe field associated with the F-
region irrcgularitics on the low altitude plasma. They have
found that the fringe ficld could generate the valley region
irregularities. While some of the valley region irregulan-
ties can be explained using the above mentioned mecha-
nism, the valley region irrcgularitics observed at
Gadanki®®** cannot be explained following the above
mechanism. Often the valley regionirregularities observed
at Gadanki are found to descend all the way from F-region
to the E-region which could not be explained by the fringe
field effect. Hence, it appears that although a plausible
mechanism has been proposed, it does not seem to account
all the features that are obscrved in the valley region
associated with the ESF.

¢) Explosive Spread F

The explosive spread F as reported by Woodman
and LaHoZ? is a phenomenon associated with the ESF with
lifetime as short as few hundreds of milliscconds and is not
acommon feature. Since then, the only observations which
appear 1o be similar in nature arc that reported by Hysell
and Farley*! The short life time of the instability seems to
be the most important factor to make the measurements of
this phenomenon hard with a radar. Very high time reso-
lution observations could do the needful but such attempts
are rare. No mechanism has yet been advanced to account
for the explosive ESF. Further observations are cssential
to understand the basic characteristics of the phenomenon
and to arrive at a possible mechanism.

d) Supersonic Plasma Flow Associated with ESF

Although supersonic plasma flow in the ionosphere
was predicted by Chandrasekhar’®, it was not possible to
measure it until the development of modern measurement
techniques. Supersonic plasma flow in a plasma depietion
has been observed in situ using the San Marco D satellite



RECENT ADVANCES ON EQUATORIAL SPREAD F

data®®. Radar observations®> have also shown the super-
sonic velocities associated with the topside ESF. The
observed velocities are as high as 1200ms™' which corre-
spond to a polarization electric field of about 40mVm™.
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