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Abstract. The occurrence of blanketing type Es (Esb) lay-
ers and associated E-region irregularities over the magnetic
equatorial location of Trivandrum (8.5◦ N; 77◦ E; dip∼0.5◦)
during the summer solstitial months of May, June, July and
August has been investigated in detail for the period 1986–
2000 to bring out the variabilities in their characteristics with
the solar cycle changes. The study has been made using
the ionosonde and magnetometer data of Trivandrum from
1986–2000 along with the available data from the 54.95 MHz
VHF backscatter radar at Trivandrum for the period 1995–
2000. The appearance of blanketing Es layers during these
months is observed to be mostly in association with the oc-
currence of afternoon Counter Electrojet (CEJ) events. The
physical process leading to the occurrence of a CEJ event
is mainly controlled by the nature of the prevailing elec-
tro dynamical/neutral dynamical conditions before the event.
Hence it is natural that the Esb layer characteristics like the
frequency of occurrence, onset time, intensity, nature of gra-
dients in its top and bottom sides etc are also affected by the
nature of the background electro dynamical /neutral dynami-
cal processes which in turn are strongly controlled by the so-
lar activity changes. The occurrence of Esb layers during the
solstitial months is found to show very strong solar activity
dependence with the occurrence frequency being very large
during the solar minimum years and very low during solar
maximum years. The intensity of the VHF radar backscat-
tered signals from the Esb irregularities is observed to be
controlled by the relative roles of the direction and magni-
tude of the prevailing vertical polarization electric field and
the vertical electron density gradient of the prevailing Esb

layer depending on the phase of the solar cycle. The gradient
of the Esb layer shows a more dominant role in the generation
of gradient instabilities during solar minimum periods while
it is the electric field that has a more dominant role during
solar maximum periods.
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1 Introduction

Equatorial ionograms show the presence of layer type irreg-
ularities in the ionospheric E-region known as “Equatorial
sporadic E” (Esq). They are dense layers or patches of ion-
ization observed at heights of 100–120 km. Es (Esq over the
equator) can occur during daytime or nighttime, and its char-
acteristics vary markedly with latitude. Es can be associated
with thunderstorms, lightning, meteor showers, solar activity
and geomagnetic activity and the main source of Es for low-
latitudes is wind shears. Near the magnetic equator, the Es

observed is patchy and transparent to waves reflected from
the higher layers (Rishbeth and Garriott, 1969). Its presence
is strongly associated with the day-time “Equatorial Electro-
jet” (EEJ), which consists of an enhanced flow of current
over the magnetic equator in the eastward direction driven
basically by a large vertical polarization electric field (Ep)

set up by the eastward electric field (Ey) which has its origin
in the global wind dynamo electric fields (Reddy, 1989; Sten-
ing, 1995). The equatorial Es irregularities are highly field-
aligned as shown experimentally by Kudeki et al. (1989), and
are caused by plasma instabilities arising from the flow of
large electrojet current (Rishbeth and Garriott, 1969). The Es

irregularities give rise to strong backscattered signals when
probed by VHF/HF radars.

Basically there are two types of plasma instabilities that
give rise to the electrojet irregularities. The first one, known
as the two-stream instability, gives rise to type I radar spec-
tra of the backscattered signals from the irregularities when
the electrojet current is very strong so that the relative drift
velocity between the electrons and the ions in the EEJ re-
gion exceeds the ion-acoustic velocity in the medium (Far-
ley, 1963; Buneman, 1963). The second one, known as the
“cross field” or gradient drift plasma instability gives rise to
type II radar spectra when there exists a vertical electron den-
sity gradient, parallel to the direction of the vertical polar-
ization electric field which drives the electrojet current flow
(Balsley, 1973). The generation of the gradient drift plasma
instability is responsible for the normal daytime layer type
irregularities known as equatorial Es (Esq) seen in the iono-
grams. This is consistent with the observation that the Esq
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layers disappear at certain times of the day, when the nor-
mal eastward flow of the electrojet current gets reversed to
a westward flow (Rastogi et al., 1971; Krishna Murthy and
Sen Gupta, 1972; Mayaud, 1977; Rastogi, 1989; Reddy,
1989). This phenomenon as indicated by a depression in
the horizontal component of the earth’s magnetic field below
its nighttime value is known as “Counter Electrojet” (CEJ)
event.

Linear theories have been successful in determining the
case of most E-region irregularities seen by coherent scatter
radars at low and high latitudes; the most prominent among
them being the Farley-Buneman mechanism (Farley, 1963;
Buneman, 1963) and the gradient drift instability (Rogister
and Angelo, 1970). Generation of large-scale irregularities
in the unstable electrojet was first observed by radar obser-
vations at the Jicamarca Observatory in Peru (Farley and Bal-
sley, 1973; Balsley and Farley, 1973; Farley et al., 1978; Far-
ley, 1985). The 50 MHz radar echoes from 3 m irregularities
can also act as tracers of the large-scale irregularities travel-
ing in the zonal and vertical direction. More recently, these
large-scale irregularities have been studied using radar inter-
ferometry techniques with one or more east-west base lines
(Kudeki et al., 1982, 1985, 1987; Kudeki and Sürücü, 1991).

During CEJ events, the reversed flow of currents due to the
downward polarization electric field Ep would not be able to
destabilize the plasma to generate the type II irregularities
in the presence of a vertically upward electron density gra-
dient. Type II irregularities will be generated under normal
EEJ/CEJ conditions only when both the vertical polarization
electric field and the vertical electron density gradient are
parallel and they can be observed by the VHF backscatter
radars by the strong scattered echoes. During CEJ events, as
the vertical polarization electric field is downward, type II
spectra are observed only in the presence of a downward
(negative) electron density gradient, a condition which is not
achievable in normal E-layer during daytime.

During certain CEJ events, simultaneous appearance of
very thin layers of enhanced ionization with both positive and
negative gradients and effectively blanketing the F-layer of
the ionosphere over Trivandrum has been observed (Reddy,
1989). These are known as Blanketing Es (Esb) layers. The
above facts imply that, just as the daytime electrojet is a seat
of both type I and type II irregularities associated with the
Es , the CEJ on certain occasions can also be a seat of type I
and type II irregularities associated with Esb (Crochet et al.,
1979; Somayajulu et al., 1994; Woodman and Chau, 2002;
Devasia et al., 2004).

The blanketing frequency of the Es-layer often denoted, as
fbEs is the minimum frequency at which the F-region trace
becomes visible in the ionograms. It is closely related to
the maximum plasma frequency of the Es layer. Esb appear
in the form of thin layers of enhanced ionization with sharp
electron density gradients on either side that provide the ba-
sic requirement for the generation and growth of the gradient
drift instabilities in the presence of crossed electric and mag-

netic fields. During the hours of upward polarization elec-
tric field (due to eastward electric field, Ey) in daytime, the
electron density gradient of the bottom side of the E region is
adequate to sustain the gradient instabilities. But as the polar-
ization electric field becomes weaker, the instabilities decay
and finally disappear in the late afternoon hours. Under such
conditions, if an Esb layer is formed in the electrojet region,
the sharp gradients associated with it leads to the buildup of
the plasma irregularities to very large levels (sometimes even
exceeding the peak noontime level usually observed in the
presence of normal Es layer) even when the electric field is
weak. As the electric field approaches zero value the plasma
instabilities decay and disappear, and they grow again as the
field builds up strength after reversal if the Esb layer persists
(Reddy and Devasia, 1977).

The occurrence of Esb layers in association with the ap-
pearance of CEJ events is quite frequent during the summer
solstitial months of May, June, July and August over Trivan-
drum, India (Devasia, 1976). However, the observation of
type II irregularities during CEJ events using the 54.95 MHz
VHF radar at Trivandrum has been relatively infrequent and
such observations are in general associated with the appear-
ance of very sharp ionization layers or Esb layers manifested
by the Trivandrum ionograms (Reddy and Devasia, 1977; So-
mayajulu and Viswanathan, 1987; Reddy, 1989; Devasia et
al., 2004).

Theoretical investigations in the past to explain physical
processes that generate CEJ events have been based on two
different approaches. In one approach (Richmond, 1973;
Reddy and Devasia, 1981; Stening, 1985; Anandarao and
Raghavarao, 1987), it was suggested that the local interac-
tion of height varying zonal winds with the electrojet plasma
could generate polarization electric fields of sufficient mag-
nitude and direction which in turn can modify the latitudinal
and height structure of the electrojet current. The genera-
tion of a CEJ event can thus be viewed as resulting from an
extreme case of wind interaction with the electrojet causing
large wind generated polarization electric field (negative) to
reduce the normal polarization electric field (due to Ey) in
the EEJ. In a different approach, the possible reversal of the
east-west electric field (Ey) in the electrojet region due to an
abnormal combination of tidal modes has been shown to pro-
duce a CEJ event (Forbes and Lindzen, 1976a, b; Marriott et
al., 1979; Hanuise et al., 1983; Stening et al., 1996).

The physical mechanism responsible for the generation of
Esb layers over the magnetic equator was proposed to be due
to the horizontal convergence of ionization due to horizon-
tal shears in the horizontal neutral winds and it was also
shown that the horizontal wind shears of required magni-
tude were being provided by the internal gravity waves of
short period (Reddy and Devasia, 1973). However a later
study by Reddy and Devasia (1981) showed that the local ac-
tion of the east west winds with large vertical shears on the
electrojet plasma could be responsible for the generation of
the Esb layers. These vertical shears result in the generation
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of substantial wind induced polarization electric fields (Ew)

(Reddy and Devasia, 1981). The wind-induced polarization
electric fields in the same direction as the vertical polariza-
tion electric field due to Ey can lead to the ionization con-
vergence and hence the eventual formation of the Esb layers.
This establishes the close linkage between the generation of a
CEJ event and the simultaneous appearance of an associated
blanketing Es layer as resulting from the local interaction of
east-west winds with large vertical shears with the electrojet
plasma when the electrojet is of comparatively lower inten-
sity in the afternoon hours. Such favorable conditions appear
to exist in the magnetic equatorial location of Trivandrum
during the summer solstitial months of May, June, July and
August.

In this paper we present a detailed study of some of the
morphological and physical aspects of the occurrence of
blanketing Es layers over the magnetic equator at Trivan-
drum during the solstitial months of different years of 1986–
2000. Here an attempt is made to bring out the solar cycle
dependence of the various associated parameters and their
control on the generation and general characteristics of the
blanketing Es and the associated E-region irregularities. The
competing roles of the electric field and wind in the electro-
jet region on the occurrence characteristics of Esb layers in
response to the variabilities of the solar cycle are also dis-
cussed.

2 Data

For the present study, we have made use of the iono-
grams from the DIGITAL IONOSONDE MODEL IPS-42 at
Trivandrum for the period of 1986–2000 to obtain the various
characteristics of the blanketing Es events over the magnetic
equator during the solstitial months of each year. We have
mainly used the regular 15 min interval ionograms during the
above period for the study of the Esb layer characteristics un-
der the varying solar activity levels. The related character-
istics of the daytime EEJ and CEJ have been studied using
the hourly values of the horizontal component of the earth’s
magnetic field at Trivandrum (TIR) and Alibag (ABG; geo-
graphic latitude 18.6◦ N; geographic longitude 72.9◦ E; dip
12.8◦ N), a station outside the electrojet. All the Esb cases
during the solstitial months of May, June, July and August
of each year were invariably found to be associated with
the presence of a CEJ event. This was ascertained from
the negative excursion in the variation of1HTIR−1HABG,
where1HTIR and 1HABG are respectively the daily vari-
ations in the geomagnetic field intensities (1H) above the
nighttime levels at Trivandrum and Alibag. The parame-
ter 1HTIR−1HABG at any time is an indicator of the EEJ
strength. In addition to the ionograms and magnetograms, we
have also used the available data during 1995–2000 from the
54.95 MHz VHF radar observations at Trivandrum to char-
acterize some of the observed features of the type II irregu-

larities associated with the EEJ and CEJ in the context of the
present study.

In the case of the type II irregularities observed by the
radar the mean Doppler frequency(f̄D) variation of the
backscattered signals is proportional to the phase velocity of
the 2.7 m scale size irregularities (corresponding to half the
radar wavelengthλr of 54.95 MHz) and this velocity in turn
is proportional to the vertical polarization electric field due to
the Ey field in the electrojet region (Fejer and Kelley, 1980).
The parameter(f̄D) is related to the east west drift velocity
(Vp) of the irregularities as:

Vp(m/s) =
λr

2
.f̄D(Hz) (1)

whereλr=5.4 m, corresponding to the 54.95 MHz VHF radar
at Trivandrum.

3 Observed features of Esb layers over the magnetic
equator

The period 1986–2000 is characterized by two solar mini-
mum and one maximum phases of the solar cycle. This has
helped us to investigate the general features of the Esb layer
formation in response to the variation of the solar activity
from minimum to maximum and back. The results are pre-
sented and discussed in terms of the observed average fea-
tures of Esb occurrences for each year of the period, thereby
bringing out the pattern of solar cycle variation of the rele-
vant parameters related to these events.

3.1 Comparison of noontime E-region electric field vari-
ations during equinoctial and solstitial periods of the
solar cycle

The daytime east-west electric field (Ey), in the equatorial
electrojet, shows a strong seasonal dependence with its mag-
nitude being much larger during the equinoctial period in
comparison to that during the solstitial period. Also the
equinoctial period (March–April months) in general has been
found to be free from the occurrence of CEJ events and blan-
keting Es events at Trivandrum. This seasonal preference
for the occurrence of CEJ events and Esb layers stems from
the distinctly different characteristics of the ambient daytime
electrodynamical conditions in the electrojet prevailing on
each day of these seasons. The occurrence of CEJ events
is the result of electrodynamical processes taking place un-
der weakened EEJ conditions. The formation of Esb layers
in association with CEJ events give rise to gradient drift in-
stability under the favorable conditions determined by the di-
rection of the electron density gradients of the Esb layer and
the direction of the vertical polarization electric field prevail-
ing at this time. Both the strength of the noontime east-west
electric field (Ey) in the EEJ region and the nature of its vari-
ation in the afternoon hours, while showing a strong seasonal
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Fig. 1. VHF radar measured Doppler frequency (
−

fD) values in the EEJ corresponding to 104 km on a typical day (27 March 1996) during
equinoctial period and a typical day (28 July 1997) during solstitial period along with the1HTIR and1HTIR−1HABG values corresponding
to the same days.
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Fig. 2. Variations in the average noontime values of1HTIR with
the average values of sunspot numbers for the equinoctial and the
solstitial months during 1986–2000. Magnetically quiet days with
Ap≤15 only are included.

dependence also have a control on the occurrence of both
CEJ and Esb.

As a systematic measurement of the east-west electric field
in the EEJ region at Trivandrum using the VHF radar is rather
sparse, we have used the value of1HTIR around noontime as
a proxy parameter representing the noontime east-west elec-
tric field in the EEJ region (Anderson et al., 2002). This
approach is based on the known relationship between1H

values and the east west current intensity (J) in the EEJ re-
gion and thereby to the east-west electric field (Ey). In this
context we have made a comparative study of the variation of
the noontime values of1HTIR with the corresponding values
of (f̄D) during the equinoctial and solstitial periods.

Figure 1 shows a comparison of the VHF radar measured
(f̄D) values (proportional to Ey) corresponding to the peak
height (104 km) of the daytime electrojet on two typical days,
namely 27 March 1996 and 28 July 1997 (as representative
of the equinoctial and solstitial periods of the solar minimum
years) with the1HTIR and 1HTIR−1HABG values corre-
sponding to the same days. The nearly in phase variation
of 1HTIR and (f̄D) from the VHF radar observations vali-
date the use of1HTIR as a proxy parameter to represent the
east-west electric field in the EEJ region. A similar in phase
variation is manifested by1HTIR−1HABG also although its
values are less than that of1HTIR.The availability of the
VHF radar data only for the period 1995–2000 is one serious
limitation for the determination of the electric field from the
VHF radar data for the entire period of study (1986–2000)
and hence we have used the parameter1HTIR instead. Fol-
lowing the above approach, Fig. 2 shows the variations in
average noontime values of1HTIR and average values of the
sunspot numbers (S) for the equinoctial period and solstitial
period of each year of 1986–2000. A comparison of the solar
cycle variations during the equinoctial and solstitial periods
shows a close similarity between them except for the con-
siderable differences in their average values during each year
of the cycle, which are considerably lower during the solsti-
tial periods in comparison to the equinoctial periods. This
is an important characteristic of the noontime average elec-
tric field in the EEJ during the equinoctial and solstitial pe-
riods as the solar cycle changes from minimum to maximum
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Fig. 3a.Distribution of the percentage occurrence of the Esb events
on days with Ap<15, during the solstitial months with the average
sunspot numbers corresponding to these days of the months of each
year from 1986–2000.

phase. These variations also show that the noontime elec-
tric field values (as inferred from the above figure) during
the solstitial periods are about 79% of the equinoctial pe-
riod electric field values during the solar maximum years,
while in the case of solar minimum years, the above val-
ues are of the order of 55% only. This shows that the effect
of solar cycle changes on the electric field variations during
equinoctial periods and solstitial periods are distinctly differ-
ent. Such a significant reduction in noontime electric field
during the solstitial months of the solar minimum periods re-
sults in low values of current in the EEJ region during the
afternoon hours, providing a favorable background condition
for the occurrence of CEJ and formation of blanketing Es
layers (Reddy and Devasia, 1977). In this study, we have
also brought out the solar activity control of the reduction
of noontime electric field in the EEJ region during solstitial
period, which explains the variation in the blanketing Es oc-
currence characteristics during the period from year to year.

3.2 Statistics of occurrence of blanketing Es and its related
features over a solar cycle

The occurrence of blanketing Es at Trivandrum was re-
ported to have a strong seasonal dependence with the maxi-
mum number of days of occurrence confined to the solstitial
months of May, June, July and August (Devasia, 1976) which
was essentially based on the ionograms of Trivandrum for the
solar quiet periods of 1969–1972.The present study indicates
that even during the solstitial period, the characteristics of
their occurrence vary from year to year depending on the so-
lar cycle phase. Some of the important characteristics of the
blanketing Es events that have been studied in greater detail
in the present investigation are: (i) the number of occurrence
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Fig. 3b. Distribution of the total number of occurrence of the Esb

events during the solstitial months with the average sunspot num-
bers corresponding to these days of the months of each year from
1986–2000. Magnetically quiet days with Ap≤15 are included in
the distribution.

of Esb during each year (ii) the onset time of Esb events;(iii)
the nature of the background east-west electric field and its
variability just before the onset of each Esb event. We have
examined these characteristics pertaining to the Esb events
for the period of 1986-2000 and some of the related aspects
are discussed below in detail.

To illustrate the solar cycle dependence of the occurrence
of Esb, we are showing in Fig. 3a the distribution of the
percentage occurrence of Esb events during May, June, July
and August months of each year against the average sunspot
number for these months of each year. The figure shows a
strong solar activity control on the occurrence of Esb events,
with the occurrence percentage as large as 70% during so-
lar minimum years to as low as 5% in the solar maximum
years. The occurrence of Esb on days with AP <15 only has
been considered in order to study their behaviour on magnet-
ically quiet days and hence Fig. 3b illustrates a distribution of
such events during solstitial period of each year against the
average sunspot number for the same days of the solstitial
period of the same years. There is not much of a signifi-
cant difference between the two distributions except for the
small noticeable differences during the solar minimum epoch
of 1994–1997. This is because of a natural consequence that
the solstitial months of low solar activity periods have Esb

occurrences even on days with Ap>15, whereas during high
solar activity periods, the occurrence of Esb events are mostly
restricted to magnetically quiet days only.

3.2.1 Esb events: some illustrative examples

During the solstitial period of each year of the solar cy-
cle period under consideration, we have selected certain
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magnetically quiet days with Ap <10 for the purpose of il-
lustrating the varying nature of occurrence of blanketing Es

using sample ionograms corresponding to the onset, max-
imum and decay phases of the blanketing Es layers. Fig-
ure 4 shows a few illustrative cases of occurrence of Esb

events during different phases of the solar cycle. All these
events are associated with the occurrence of CEJ events with
varying degrees of intensity as indicated by the variations in
1HTIR−1HABG. These illustrative cases of Esb events show
significant variabilities in their onset time, intensity and time
of maximum intensity as well as in their duration. The max-
imum values of1HTIR (around noon time) corresponding
to each of these events also show significant variabilities as
each one of these events correspond to different phases of the
solar cycle.

3.2.2 Noontime electrodynamic conditions of the EEJ and
their control on the occurrence of Esb layers

It is fairly well known that the electrodynamic processes in
the EEJ region on magnetically quiet days are mostly con-
trolled by electric fields which are mainly due to (i) the global
scale dynamo electric field (Ey) and the resulting polariza-
tion electric field (Ep) which drives the EEJ and (ii) the wind
generated electric field (Ew) due to the local interaction of
height-varying winds with the electrojet plasma. It is the
net polarization electric field due to both Ey and Ew that is
controlling the basic electrodynamics of the EEJ region. As
already mentioned, we have used the average of the noon-
time maximum values of1HTIR during the May, June, July,
August months to arrive at an estimate of the noontime aver-
age electric field during each year corresponding to this sea-
son. In the present analysis, we have used data correspond-
ing to the magnetically quiet days with AP <15. Figure 5
illustrates the nature of dependence between the number of
days of Esb occurrence during these months and the average
noontime maximum values of1HTIR during these months
of each year. The figure also shows the nature of solar cycle
variation of the noontime electric field during the solstitial
period of 1986–2000. The figure indicates a strong negative
correlation between the two parameters which clearly brings
out the fact that even during the solstitial months large elec-
tric fields in the EEJ region tend to inhibit the occurrence of
CEJ and associated Esb layers, which is obviously the case
during solar maximum periods with the number of days of
occurrence of Esb events being very low and that too on mag-
netically quiet days only. The figure also indicates a critical
value of about 120 nT for the average noontime maximum
value for1HTIR during the solstitial period above which the
number of days of Esb events drastically decreases to a very
low value. This is particularly noticeable in the case of the
solar maximum year of 1991 where1HTIR�120 nT and the
number of days of Esb occurrence is just two only. Refer-
ring back to Fig. 2, it is interesting to note that the aver-
age noontime values of1HTIR during the equinoctial period

(March–April months) of many of the years covering the so-
lar maximum phases during 1986–2000 are above 120 nT.
Even during other years, though the1HTIR values during
the equinoctial periods are less than 120 nT (average value
also being≈120 nT) they are much above the correspond-
ing year’s average level of≈90 nT for the solstitial periods.
Thus it appears as if there is a significant role for a larger
noontime electric field in inhibiting the physical processes
leading to the occurrence of CEJ and Esb events even during
the solstitial months of the different phases of the solar cycle.
The year to year variability in the occurrence of CEJ events
and associated blanketing Es events thus seems to be strongly
controlled by the ambient noontime electrodynamics which
itself has substantial solar activity related variabilities from
year to year.

3.2.3 Onset time of Esb events

As the occurrence of Esb events is found to be mostly as-
sociated with the occurrence of CEJ events during the sol-
stitial period, it is natural to expect the onset phases of the
Esb events and the CEJ events to coincide on a case-by-case
basis. A careful analysis of each Esb event during different
years of the solar cycle have indicated certain interesting as-
pects of onset, growth and decay phases of the Esb events in
the presence of CEJ events of varying intensity and duration.
Figure 6 shows the distribution of the most probable times
of onset of blanketing Es events during the solstitial period
(middle panel) along with the average value of sunspot num-
ber for the same period of each year (bottom panel). The
figure shows an important aspect of the solar cycle depen-
dence of the onset times of blanketing Es as revealed by the
variations of the average sun spot number during 1986–2000.
It is found that during solar minimum periods, the occurrence
of Esb events are confined mostly to the afternoon hours,
with the times of occurrence becoming later and later to the
evening hours as the solar maximum period is approached.

3.2.4 E-region electric field gradient in the afternoon hours
before the onset of Esb

In order to understand the effect of decreasing noontime
maximum electric field (as indicated by1HTIR) in the EEJ
region leading to CEJ and thereby on the onset timings of
Esb events, these events have been examined in relation to
the average gradient of the electric fields that are present be-
fore the onset of the CEJ event. The electric field gradient
in the present context is given by the time rate of change of
the difference between the1HTIR value just before the on-
set of the CEJ event and the noontime maximum value of
1HTIR. The average gradient thus obtained is shown in the
top panel of Fig. 6 which also shows clear solar activity de-
pendence. The implication of this is that the solar minimum
periods are associated with a more or less slow and gradual
decrease of the noontime maximum electric field whereas the
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Fig. 4. Some illustrative cases of Esb events during different phases of the solar cycle. Events occurring only on very magnetically quiet
days with Ap≤10 are included.
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Table 1. The number of days of Esb events during the solstitial months of 1986–2000 and their average characteristics.

Year Average Number of Average Average Average
Sunspot days of Onset time noontime Gradient
number Esb events (h) 1HTIR (nT) (nT/h)

1986 11 50 15:59 68 −14
1987 31 66 15:50 71 −15
1988 93 41 16:39 100 −20
1989 148 27 16:52 120 −22
1990 140 28 16:22 115 −22
1991 172 2 17:00 162 −30
1992 71 26 16:44 109 −20
1993 57 37 16:19 88 −17
1994 22 34 16:39 72 −16
1995 14 52 15:35 72 −17
1996 10 45 16:09 68 −13
1997 17 48 16:02 74 −16
1998 70 38 16:08 90 −17
1999 111 41 16:24 108 −20
2000 133 22 16:35 116 −22
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Fig. 5. Variation in the number of Esb events during the solstitial
months with the average noontime maximum1HTIR during those
days (with Ap≤15).

solar maximum periods show a steep and somewhat faster
decrease of the noon time electric field towards evening hours
as the onset time of the CEJ events themselves are getting
time shifted towards evening hours. The effect of these vary-
ing gradients in the noontime electric fields (equivalently in
1HTIR) on the occurrence of blanketing Es events is that dur-
ing solar minimum periods, the slow and gradual decrease
of the noontime1HTIR results in a CEJ event with a com-
paratively lower intensity. This in turn implies the presence
of a low value of westward electric field, which is consid-
ered as favorable for the occurrence of Esb event and its sus-
tenance. In the case of solar maximum periods, the sharp
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Fig. 6. Top panel: Distribution of the most probable values of the
average gradient of the magnetic field (1H) associated with Esb
events of each year with the average sunspot numbers for the same
days of each year. Bottom panel: Distribution of the most probable
onset time of the Esb events with the average sunspot numbers for
the same days of each year.

decrease from comparatively larger noontime1HTIR values
results in CEJ events with larger intensity (larger westward
electric field), which is not very favorable for the occurrence
of an Esb event.

From the above discussions, it is very much relevant to
put all the observed characteristics of the Esb events during
1986–2000 in the form of a table. Table 1 indicates the
number of days of Esb events during the solstitial months
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Fig. 7. Graphical representation of the relationship between the number of days of Esb events (N) and(a) average gradient,δHδt , (b) average
sunspot number, S,(c) average noontime maximum1HTIR, (d) the factor P for each year during 1986–2000.

of each year against their average onset times. The average
noontime1HTIR and its average gradient before the onset
of Esb are also shown in the table. It is also clear from the
table that the maximum number of days of Esb occurrence
was during 1987 (66 days) and during 1995 (52 days) with
a deep minimum with just only 2 days of occurrence during
1991. Interestingly, the year 1991 was also characterized
by a significantly larger noontime value of1HTIR=162 nT
and a very large negative gradient (−30 nT/Hr) whereas the
years 1987 and 1995 have almost identical low values for
the average1HTIR (71 nT and 72 nT) and average gradient
(−15 nT/Hr and−17 nT/Hr). The table also indicates the

nature of relationship between the number of days of Esb

events (N), and average values of sunspot number (S),
average values of1HTIR and average values of electric
field gradient (δH/δt) during each year of the solar cycle.
Figure 7 illustrates the correlation between the number of
days of blanketing Es (N) against each of these parameters.
The correlation coefficients between the number of days of
blanketing Es (N) against each of these parameters are found
to be reasonably high between 0.7–0.8 in each case. As N
is well correlated with each of these parameters, we can put
them as:
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N ∝ δH/δt (2)

N ∝ 1/S (3)

N ∝ 1/1HTIR (4)

These proportionalities have enabled us to represent the num-
ber of days of Esb events (N) as a function of the combined
effect of average sunspot number (S), average noontime max-
imum 1HTIR and the average gradientδH/δt, by the func-
tional relationship of the form:

N ∝ P (5)

where

P ∝ (δH/δt)/(S1HTIR) (6)

A graphical representation of this functional relationship be-
tween P and the number of days of Esb events (N) is shown
for the period 1986–2000 in Fig. 7. The graph shows a linear
relationship between total effectiveness of all the parameters
as represented by P and the number of Esb days with a very
good correlation coefficient. This linear relationship, though
based on average values of all the related parameters is not
expected to vary too much on a day-to-day basis during the
solstitial period of each year. Hence this provides a simple
method of predicting the occurrence probability of blanket-
ing Es on a day to day basis during the solstitial months using
the average representative values of sunspot number, noon-
time 1HTIR and the afternoon gradient of the decrease of
1HTIR.

3.3 Physical significance of blanketing frequency of Es lay-
ers (fbEs)

As mentioned earlier, the blanketing frequency of the Es

layer (fbEs) represents the maximum frequency of the layer
at which the E-layer starts becoming transparent. It was a
common practice in the past to make ionosonde observa-
tions on Es almost simultaneously with the rocket measure-
ments of its electron density profiles. Reviewing such mea-
surements, Smith (1966) has pointed out that blanketing fre-
quency (fbEs), corresponds generally to the rocket measured
maximum plasma frequency in the E-layer, so that fbEs can
be taken as giving a direct measurement of the maximum
electron concentration in the Es layers. This maximum elec-
tron concentration (Nmax) is related to the maximum plasma
frequency of the layer through the equation

f 2
Nmax

= 0.801Nmax106 (7)

The electron concentration as deduced from fbEs value is
found to agree with the rocket measured maximum electron
concentration in the Es layer with deviations of about 10% on
the average. This brings into focus the physical significance
of fbEs variations in the background E-region behavior. Fig-
ure 8a represents the time variation of fbEs corresponding to

some representative Esb events during the solstitial period of
each year during 1986–2000. Typical long duration events
with multiple reflections which is characteristic of the inten-
sity of the Esb layer formed have been selected as illustrative
cases. As it is clear from the figure, the onset time of the
events in the afternoon hours as well as their duration are
varying considerably over the solar cycle period of 1986–
2000.The duration of the events varies in general from 2–5 h.
The beginning phase of the events is in general associated
with larger values of fbEs and their height locations shown
in Fig. 8b are also well above 100 km where the normal day-
time Es layer is formed. The decay of the blanketing Es layer
with time is manifested by a gradual decrease in fbEs values
and their corresponding height locations also show a gradual
fall even going below the 100 km level. This is an important
feature of the formation and decay of the Esb layer suggest-
ing the role of descending wind shear mode of tidal/gravity
wave winds in the E-region interacting with the electrojet
plasma. It may be mentioned that larger values of fbEs at
the onset and growth phases of an Esb layer are indicative of
the presence of very sharp electron density gradients of the
Esb layer (Reddy and Devasia, 1977), which can give a large
growth rate to the plasma instabilities even in the presence of
a very weak electric field. The variations of fbEs with time as
well as the height locations of the Esb layer in the EEJ region
have important roles in the growth and sustenance of gra-
dient instabilities during Counter Electrojet events when the
east-west electric field is very weak (Devasia et al., 2004).

3.4 VHF radar observations of blanketing Es layers and as-
sociated irregularities

The 54.95 MHz VHF radar observations of the EEJ irregu-
larities at Trivandrum on several occasions during the period
of 1995–2000 have shown that the drift velocities of the day
time Es irregularities are in general small in the late after-
noon hours (in comparison to the midday values). So under
this condition gradient instabilities of 2.7 m scale-size cannot
be sustained with the normal E- region electron density gra-
dients and the small electric fields present at this time (Reddy
and Devasia, 1977). Whereas during solstitial months the ap-
pearance of a CEJ event and associated blanketing Es layer
during the weakened EEJ condition (or CEJ) in the after-
noon hours provide the necessary condition of electron den-
sity gradients in the right direction so as to generate gradient
drift instabilities. Radar observations of many such events
of blanketing type Es layer occurrences during the solsti-
tial months have shown that such layer type Esb irregulari-
ties in the EEJ region give rise to strong backscattering of
54.95 MHz radar signals (Reddy and Devasia, 1977; Deva-
sia et al., 2004). Remarkable changes in the amplitude and
Doppler frequency spectra of the radar backscattered signals
were observed coinciding with the appearance of blanketing
Es layers in the ionograms simultaneously obtained from the
colocated ionosonde at Trivandrum. VHF radar observations
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Fig. 8a. Time variation of fbEs corresponding to some strong Esb

events during 1986–2000.
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Fig. 8b. Time variation of h’Es corresponding to the same Esb

events.
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thus have been highly useful in interpreting the observed
characteristics of blanketing Es layers in terms of their im-
plications in the generation and decay processes of gradient
instabilities during CEJ events.

In this context we have made a few case studies of radar
observations on Esb layers with a view to understand the rel-
ative roles of the vertical electric field and the vertical elec-
tron density gradient in the sustenance of gradient instabili-
ties during different phases of the solar cycle using the avail-
able radar data. These radar observations have shown that in
all the cases the initial formation of the blanketing Es layers
takes place only at such times when the drift velocities of the
EEJ irregularities are small. The distinct features of the radar
returns corresponding to certain blanketing Es events which
occurred at different phases of the solar cycle are presented
here in order to bring out the solar activity control on them.

3.4.1 VHF radar backscattered signal characteristics during
blanketing Es events

The most striking feature of the VHF radar observations from
many of the blanketing Es events is the sudden build up of the
backscatter signal strength to larger values even exceeding
the noontime values of radar returns from the normal Es ir-
regularities in the presence of a large east-west electric field.
Such large signal returns from the blanketing Es irregulari-
ties are associated with the large growth rate of the gradient
instabilities mainly due to extremely sharp gradients of the
Esb layer even though the electric field is very low at this
time (Devasia et al., 2004).

3.4.2 Illustrative cases of radar observations during differ-
ent phases of the solar cycle

Case I: 30 July 1997(Ap=7)

Figure 9a represents the VHF radar observed variations
of mean Doppler velocity of irregularities corresponding to
different height regions of the EEJ along with the variations
of 1HTIR−1HABG (representing the electrojet strength) in
the afternoon hours from 14:00 h onwards on 30 July 1997,
which was a magnetically quiet day with Ap=7. The sharp
decrease of the electrojet strength in the afternoon hours
preceding the CEJ during 15:30–20:00 h is very clear from
the figure. From Figs. 3 and 5, it may be noted that the year
1997 is in low solar activity phase with the average sunspot
number∼15 and the average noontime magnetic field is also
low ∼70 nT. The appearance of blanketing Es event during
the CEJ event is illustrated using sample ionograms shown
in Fig. 9a. Prior to the appearance of the CEJ and blanketing
Es , the mean Doppler velocity profiles are characteristic
of the weak afternoon EEJ conditions and they provide a
comprehensive picture of the gradual changes in the after-
noon electrodynamics associated with the changes from the
EEJ conditions to CEJ conditions. With the appearance of

the blanketing Es , the altitude profiles of the mean Doppler
velocity become more and more structured in comparison
to their smooth variations prior to the occurrence of CEJ as
shown in Fig. 9a. The velocity profiles become more and
more confined to a narrower region of the EEJ as signals
are observed from the thin Esb layer. Further the velocity
of the type II irregularities during the Esb event is also very
low indicating the presence of very low vertical electric field
(weakly positive in the present case) during this time. The
maximum strength of the CEJ event is at about 17:00 h (with
peak∼ −25 nT) whereas the blanketing Es on the ionograms
during the CEJ time shows its maximum intensity with more
number of multiple reflections and largest value of fbEs
(around 4.5 MHz) at around 16:20 h much before the time
of CEJ peak. This also corresponds to the time of largest
backscatter signals from the persisting Esb layer.

The time variation of Pmax (maximum backscattered
power) is shown in Fig. 9b along with its corresponding
variations in Doppler velocity and height locations. The
mean Doppler velocity during this period is mostly negative
indicating the presence of very low vertical electric field
in the upward direction. This indicates the important role
of very sharp electron density gradients of the Esb layer
in association with a very weak vertical electric field, in
the large growth of gradient instabilities resulting in very
strong backscattered echoes as shown in Fig. 9b. This is
a unique situation in which the electron density gradients
in the blanketing Es layer has a more dominant role over
the vertical polarization electric field in producing strong
backscattered returns from the Esb irregularities during
the CEJ event. Beyond 16:20 h, the Esb layer appears to
weaken even though the CEJ intensity is further increasing
till 17:00 h. This probably indicates even of a threshold
level for the CEJ intensity at which the Esb layer attains the
maximum intensity. Further, it may also be noted from Fig. 3
that during the year 1997 more number of blanketing Es

events have been observed with the background conditions
being governed by comparatively lower values of the vertical
polarization electric field.

Case II: 4 July 2000 (Ap=8)

The radar observations of Esb on this day is signifi-
cantly different from the earlier event of 1997. The average
sunspot number of the year is about 130 in comparison to the
very low average of∼15 during 1997 and the average noon-
time 1HTIR∼115 nT against the value of1HTIR∼70 nT in
1997. This event is unique in several other aspects also. The
day is characterized by the presence of a very strong CEJ
event (peak∼45 nT) during 14:45–18:30 h. Other noticeable
features are the appearance of very strong Esb with several
multiple reflections (sometimes even blanketing the F-layer
completely) in the ionograms corresponding to the peak
time of CEJ almost close to 17:00 h and the presence of very
strong backscattered radar returns. In this case also the large
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Fig. 9a.Height profiles of the VHF radar measured Vp values at se-
lected times on 30 July 1997 (middle panel) with the representative
ionograms during this time. The strength of the equatorial electrojet
during 14:00–21:00 h is also shown in the figure (bottom panel).

growth of the gradient instabilities reached its maximum at
∼16:20 h with very strong radar returns even before the CEJ
peak at 17:00 h. The height structure of the Doppler velocity
profiles during the CEJ time showed large fluctuations and
their main features are very clear from Fig. 10a. The figure
also shows some of the ionograms corresponding to the
peak time of the CEJ event between 16:55–17:30 h and the
velocity profiles during this time show altitude variations
with positive values of velocity below the peak height of
the EEJ (∼100 km) and larger values of negative velocity
above this height region. This probably indicates the varying
nature of oppositely directed plasma density gradients in the
top and bottom sides of the persisting Esb layers. They have
significant role in the large growth and decay of gradient
instabilities during CEJ as shown by the very large build
up of backscattered power returns followed by their fast
decay going through cycles of increase and decrease as
shown in Fig. 10b. The time variation of Pmax (maximum
backscattered power) is also shown in the figure along with
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Fig. 9b. Time variation of the maximum backscattered power
(Pmax) and the corresponding Doppler velocity values (top panel)
during the Esb event along with the variation of fbEs (bottom
panel). Time variation of the maximum backscattered power (Pmax)

and the corresponding height of scattering region (middle panel) is
also shown.

its corresponding variations in Doppler velocity and height
locations. The mean Doppler velocity during the initial
phase is positive indicating the presence of a fairly large
vertical electric field in the downward direction. The height
location of Pmax during this period is predominantly in the
bottom gradient region. The strength of the maximum power
return (Pmax) changes rapidly with time because of the fast
changes in height location as well as in the gradient changes
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Fig. 10a.Same as Fig. 9a, but for 4 July 2000.

of the Esb layer. The maximum value of fbEs on this day
is about 7.5 MHz as shown in Fig. 10b and the Pmax even
exceeds much more than the level of maximum noontime
power return on this day.

Because of the lack of radar observations covering differ-
ent phases of the solar cycle, we have considered only two
case studies belonging to two extreme conditions of sunspot
activity – a minimum and a maximum.

4 Discussion and conclusions

The main results of the present study may be summarized as:

1. The occurrence of blanketing Es layers at the equatorial
station of Trivandrum is observed frequently during the
summer solstitial months of May, June, July and Au-
gust and they occur mostly in association with the CEJ
events that are characteristic of these months.

2. Even during these months their occurrences show very
strong solar activity dependence with the occurrence
frequency being very large during the solar minimum
year and very low during solar maximum year. The
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Fig. 10b. Same as Fig. 9b, but for 4 July 2000.

morphological characteristics of the Esb layers-their on-
set time, intensity etc also show significant dependence
on the solar activity level.

3. The onset time of the Esb layers are mostly confined
to the afternoon hours during solar minimum periods
whereas it is confined more and more towards evening
hours as the solar maximum periods are approached.

4. The more frequent occurrences of Esb during the so-
lar minimum periods are seen to be in association with
CEJ events of lesser intensity, whereas the less frequent
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occurrence of Esb events during solar maximum peri-
ods are mostly in association with CEJ events of larger
intensity.

5. The Esb layers being thin layers of enhanced ionization
with sharp electron density gradients on either side can
give rise to very large growth of gradient instabilities
in the electrojet plasma in combination with the verti-
cal electric field of right magnitude and direction in the
electrojet resulting in very strong radar backscattering.
A change of direction of either the gradient or the elec-
tric field results in the decay or even disappearance of
the gradient instabilities.

6. The relative effect of the magnitude and direction of the
vertical electric field and the electron density gradient
of the Esb layer has a strong control in the generation
of the plasma instability depending on the solar activity
levels, with the gradient of the Esb layer showing a dom-
inant role during solar minimum and the electric field
showing the dominant role during solar maximum con-
ditions. These features are also in a way related to the
competing influence of electric field and wind (through
the generation of vertical polarization electric field by
shearing winds) in the generation of Esb layers.

The present studies have brought out some of the variabilities
in the characteristic features of the post noon blanketing Es

layers over the magnetic equatorial location of Trivandrum
during the summer solstitial months due to the solar activ-
ity changes. The ionosonde observations during this period
show that the ionogram traces corresponding to Esq and Esb

layers are distinctly different; with strong Esb layers charac-
terized by several multiple reflections and sometimes even
totally blanketing the F-layer. It has been illustrated in the
previous sections that the general characteristics of the Esb

layers-their onset time and duration, intensity as well as the
strength of the CEJ events during which the Esb layers are
formed-are distinctly different during different years. Simi-
lar distinctly different characteristics are also manifested in
the growth and sustenance of gradient instabilities during low
and high solar activity periods as evidenced by the character-
istics of the radar returns from the type II irregularities asso-
ciated with the appearance of Esb layers as revealed by the
limited VHF radar data available. These distinctly different
features are also shown in the height region of occurrence,
signal strength and the Doppler spectral characteristics of the
backscattered radar returns during the Esb events.

Apart from the general characteristics of Esb layers and
that of VHF radar returns from them being different during
solar minimum and maximum periods, certain other impor-
tant aspects of the dominant physical processes controlling
the growth processes of the gradient instabilities under vary-
ing solar activity conditions also appear to emerge from the
present investigation. Some of the cases of radar returns
from the Esb layers that are illustrated in the previous sec-

tions show that the velocity profiles of the type II irregular-
ities associated with Esb layers show the presence of large
velocity shears (Reddy and Devasia, 1981). As the occur-
rence of Esb layers are in general associated with very weak
(almost zero) east-west electric field, these velocity shears in
the Doppler velocity profiles are equivalent to wind shears.
The presence of an Esb layer under the background condi-
tions of a very weak east-west electric field and large shears
in the Doppler velocity profiles of the type II irregularities
associated with it suggest to the existence of highly struc-
tured wind-induced polarization electric field generated by
the height varying zonal winds in the EEJ region (Reddy and
Devasia, 1981). Some of the Doppler velocity profiles shown
in the present studies have a close similarity to the reversal of
drift velocity with height as shown by Reddy (1989). This is
in sharp contrast with the nature of the Doppler velocity pro-
files from Esq irregularities in the EEJ which in most cases
resemble the smooth profile of the vertical polarization elec-
tric field (Ep) due to Ey indicating the dominant role of the
east-west electric field. Hence in studying the characteristics
of Doppler velocity profiles associated with the Esq irregu-
larities during EEJ and those associated with the Esb irregu-
larities during CEJ, we have to consider the competing roles
of electric field (through the vertical polarization field Ep)

and wind (through the wind generated polarization electric
field, Ew). Even while we are restricting our discussion to
the Esb events of different years of the solar cycle, the com-
peting roles of the electric field and wind appear to control
their characteristics like onset time, duration and even the
intensity of the radar returns and its Doppler velocity from
the Esb layers. This feature is indicated by the relatively
very low value of the electric field (eastward or equivalently
vertical in the upward direction) during the time of onset of
Esb, its development into a very strong Esb event with sev-
eral multiple reflections as well as in the appearance of very
sharp velocity shears in the Doppler velocity profiles of the
large radar returns (which even exceeds the daytime maxi-
mum value) from such layers. All these features are mostly
manifested by the Esb events occurring quite frequently dur-
ing solar minimum years. Whereas in the case of the very
few events observed during the solar maximum years, their
onset itself is under the background condition of a fairly sig-
nificant westward electric field (i.e. vertical electric field in
the downward direction) during the CEJ event. The strength
of radar returns depend mainly on the proper combination
of the magnitude and direction of both the electric field and
the gradients. The altitude structures of the Doppler veloc-
ity profiles also depend mainly on the relative effect of the
sharpness of the gradients in comparison to the electric field.
All these features are manifested in the two cases cited in
Figs. 9 and 10.

The competing roles of the electric field and wind induced
shears in the velocity profiles of the type II irregularities from
Esb layers bring into focus the varied nature of their im-
plications in the growth process of gradient drift instability
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during different phases of the solar cycle. This aspect will
be more clear considering the effects of the gradient term on
the type II waves in the EEJ as have been explained by Far-
ley and Balsley (1973) and Fejer et al. (1975). The growth
rate of the gradient instability in the EEJ region (Fejer and
Kelly, 1980) is controlled by the relative roles of the verti-
cal polarization electric field and the vertical electron density
gradient. In this context a comparative study on the occur-
rence features of Esb layers with due consideration to their
generation mechanism could lead to a better understanding
of the competing roles of the equatorial electric fields and
winds over a solar cycle. The results of a detailed analysis
of sporadic E-layer occurrences over the equatorial station
Fortaleza in Brazil for a period 15 years from 1975–1990
by Abdu et al. (1996) have shown the competing roles of
the equatorial zonal electric field and wind systems as well
as their long term changes in the generation of the different
types of Es layers. They have attributed the F10.7 cm radio
flux variation during the solar cycle as controlling both the
electric field and E-region winds in the equatorial region.

The description of the various forms of afternoon Esb and
its associated characteristics given in the previous sections
brings into focus certain significant aspects of the growth
and decay of the gradient instabilities in the presence of Esb

layers under conditions of weak/reversed electric field and
very sharp and variable electron density gradients during so-
lar minimum and maximum conditions. The relative role of
the electric field is more significant during solar maximum
conditions whereas during solar minimum conditions, the
plasma instability growth conditions are more significantly
controlled by the very sharp electron density gradients of
the very intense Esb layers which appear under conditions
of near zero electric field.

The occurrence of Esbin the early morning hours of 04:00–
06:00 h has also been observed at Trivandrum coinciding
with similar conditions of E region electric field existing at
such times. In both the cases of Esb occurrences during af-
ternoon and morning times, the electric field in the EEJ is
westward as indicated by the presence of CEJ at these times.
It will be quite interesting to investigate the distinct differ-
ences between the afternoon and morning time occurrences
of Esb layers.
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