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Dynamical, electro-dynamical and electrical coupling processes originating from upward propagation of at-
mospheric waves, and magnetosphere-ionosphere interaction are responsible for the large degree of variabilities
observed in the low latitude ionosphere. One of the most outstanding aspects of its phenomenology is related
to the sunset electrodynamical processes responsible for the evening enhancements in zonal and vertical elec-
tric fields and the associated spread of F /plasma bubble irregularity development. Recent observational results
have provided evidence of significant contribution to their quiet time variability arising from thermospheric wind
patterns, upward propagating planetary waves and possibly sporadic E layers. This paper provides an overview
and some new results on planetary wave coupling with the equatorial F region, the E layer conductivity as key
connecting mechanism, a possibly interactive role by sporadic E layers, and the resulting day-to-day variability
in the evening prereversal electric field enhancements with consequences on spread F development.
Key words: Vertical coupling, atmosphere-ionosphere, spread F , planetary waves, sporadic E layers, prereversal
electric field.

1. Introduction
Coupling processes involving different external forcing

mechanisms are responsible for the major phenomenol-
ogy and the day-to-day variabilities of the equatorial at-
mosphere ionosphere system. Forcing by vertical coupling
through upward propagating atmospheric waves, as tidal
modes, gravity waves and planetary waves etc, is a well rec-
ognized source of variability, (e.g., Forbes, 1996; Pancheva
et al., 2002; Abdu et al., 2006a, b; Fukao, 2006; Ogawa et
al., 2006), while enhanced ionosphere-magnetosphere cou-
pling processes during episodes of space weather distur-
bances and changing solar radiation flux provide another
important source of the variabilities. Extensive investiga-
tions have been conducted in recent years aimed at gain-
ing a better knowledge of these forcing mechanisms vis-vis
the ionospheric and atmospheric responses in quantitative
as well as qualitative terms. Such knowledge is necessary
for developing predictive capabilities on such variabilities.
While we have a good deal of knowledge on the response
characteristics of the low latitude ionosphere-thermosphere
system to forcing from interplanetary and magnetospheric
processes, our knowledge of the vagaries of the system aris-
ing from the vertical coupling processes involving wave dis-
turbances originating from lower atmosphere is very limited
indeed. Whether they originate from the lower atmosphere
or by external forcing from above, the variabilities occur-
ring during the evening to post-sunset and night hours have
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specific significance, the main reason being that sunset elec-
trodynamic processes play a fundamental role in shaping
the post-sunset equatorial ionization anomaly and plasma
bubble irregularity distribution that impact on diverse space
application systems. This paper will focus on some aspects
of the vertical coupling processes highlighting the conse-
quences on the sunset electrodynamics and related prob-
lems, paying particular attention to the possible causes of
the widely observed day-to-day variability in the evening
prereversal electric field enhancement (EPE) and equatorial
spread F(ESF)/plasma bubble development conditions.
The entire vertical coupling process can be seen as a two-

stage process: (a) dynamic processes by which the wave en-
ergy from the lower heights/regions (troposphere and strato-
sphere) propagates to higher levels in middle atmosphere
and lower thermosphere (MLT) regions (including the lower
E-region heights); (b) the subsequent sequences in which
the electrodynamic processes take over at height levels near
and above the E layer extending well into the F region.
In this paper we intend to briefly evaluate some recent re-
sults concerning mainly the aspect (b) and discuss their im-
plications further, based on some new results and interpre-
tations, to lead to a better understanding of the quiet time
variability of the equatorial F region vertical plasma drifts
and ESF irregularity generation processes. The possible in-
teractive roles of the evening sporadic E layers in these pro-
cesses will also be discussed. The results are organized into
sections ‘Some considerations on sunset electrodynamics’;
‘Planetary wave effects on evening F layer heights, pre-
reversal electric field enhancement and ESF’; ‘Sporadic E
layers and EPE: interactive roles’. The results are then dis-
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Fig. 1. A scheme of the processes leading to the development of the
evening prereversal electric field (EPE) and equatorial spread F (ESF).

Fig. 2. F region vertical drift as modeled by the TIEGCM (Fesen et al.,
2000) (upper panel) and that modeled by the formulation by Heelis et al.
(1974). The amplitude of the EPE increases with decrease in night-time
electron density as modeled by the TIEGCM and by the increase in the
sunset conductivity/electron density local time/longitudinal gradient as
modeled by the Heelis et al. (1974) formulation.

cussed and a conclusion drawn.

2. Some Considerations on Sunset Electrody-
namic Processes

The ionospheric dynamo driven by the wind systems at
E- and F-layer heights, in the presence of the conductivi-
ties and the geomagnetic field, are responsible for the ma-
jor phenomenology of the low latitude region. With the

decay of the E layer conductivities, the F layer dynamo
electric fields begin to dominate towards the evening and
night hours. The immediate manifestation is the develop-
ment of the evening prereversal electric field that develops
under the action of an eastward thermospheric zonal wind
in the presence of the longitudinal/local time gradient in the
integrated E layer Hall and Pedersen conductivities across
the sunset terminator (Rishbeth, 1971; Heelis et al., 1974;
Batista et al., 1986). A scheme of the processes leading to
the development of the EPE is presented in Fig. 1 wherein
the longitudinal/local time gradient in the integrated con-
ductivity at sunset hours denoted as SS.�� is shown act-
ing together with the thermospheric zonal winds as the ba-
sic cause of the EPE development. We may point out that
the mechanisms widely believed to operate in the develop-
ment of EPE involve longitudinal gradients in the Peder-
sen conductivity that works for the F layer dynamo, as first
explained by Rishbeth (1971). Farley et al. (1986) have
discussed the processes of F layer dynamo electric field
interacting with conjugate E regions where the east-west
Hall current interruption at the terminator could result in
zonal electric field enhancement that constitutes the EPE.
Haerendel and Eccles (1992) discussed the problem of EEJ
current divergence at the sunset contributing to the EPE (see
also, Eccles (1998) for an idea on the relative importance of
these contributions in EPE development). Thus, the lon-
gitude/local time gradients in both the Pedersen and Hall
conductivities are represented in the parameter SS.�� in-
dicated in Fig. 1. The zonal electric field/vertical plasma
drift pattern as modeled by the Thermosphere-Ionosphere-
Electrodynamics General Circulation Model (TIEGCM) by
Fesen et al. (2000) and that modeled of Batista et al. (1986)
using the formulation by Heelis et al. (1974), as adapted
from Abdu et al. (2004), are presented in Fig. 2. Note that
the amplitude of the EPE increases with decrease of night
time electron density in the TIEGCM and equivalently by
the increase in the negative gradient in the E layer den-
sity/integrated conductivity at sunset as modeled using the
formulation by Heelis et al. (1974). The enhancement of
the eastward electric field of the EPE is followed by an en-
hancement in westward electric field (downward drift). The
post-sunset horizontal plasma shear flow (Tsunoda et al.,
1981), characterized by a westward flow in the bottom-side
F region below ∼300 km with eastward flow just above
this height, constitute, together with the upward and down-
ward flow just described above, the plasma vortex flow of
which an example is shown in Fig. 3, (left panel) taken from
Kudeki and Bhattacharyya (1999). A vertical cut through
the vortex center produces the height variation of the verti-
cal electric field near 19 LT (right panel) that has important
consequences on the sporadic E layer development at off-
equatorial and low latitudes. There is an interactive role
between the EPE and Es layers that occurs when these lay-
ers are present at the footprints of the field lines participat-
ing in EPS development. Recent observational results from
inosondes/digisonds in Brazil have shown that the devel-
opment of Es layers within appropriate latitudinal proxim-
ity to the dip equator can be disrupted under the action of
the vertical electric field associated with the EPE develop-
ment (Abdu et al., 2003; Carrasco et al., 2007). This aspect
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will be pursued later in this paper. On the other hand, the
integrated conductivity of a sporadic E layer could poten-
tially negatively influence EPE development, as shown by
model calculations by Carrasco et al. (2005). This EPE-
Es layer interactive role is also depicted in Fig. 1 (see also
the sketch in Fig. 11). Also shown in this figure is the
connection among the upward propagating planetary waves
(PWs), the tidal modes and the PW-modulated tidal modes
that could modify the E layer wind system (Pancheva et al.,
2003; Haldoupis et al., 2004) with possible effects on the
E layer conductivity sunset gradient leading to EPE modi-
fication (Abdu et al., 2006a), as will be discussed in more
detail later. The rapid uplift of the F layer under the action
of the EPE is known to be primarily responsible for the de-
velopment of the spread F /plasma bubble irregularities of
the post-sunset equatorial ionosphere. The steep bottom-
side density gradient of the rising F layer becomes unsta-
ble to density perturbations, leading to instability growth
by the Rayleigh-Taylor (R-T) mechanism. The requirement
of a seeding source is also indicated in Fig. 1. The insta-
bility growth by the R-T mechanism involves non linear
rise up of the rarified plasma of the F layer bottom side
to the topside ionosphere in the form of plasma depleted
flux tubes/plasma bubbles, with the associated cascading
process within the bubbles leading to irregularity forma-
tion in scale sizes ranging from a few centimeters to hun-
dreds of kilometers (Haerendel, 1973). The entire process
constitutes an ESF development. Meter-scale irregularity
generation has been shown to occur close to or before the
terminator passage at the apex of the F region field line,
as diagnosed by the Equatorial Atmosphere Radar (EAR)
in Indonesia (Yokoyama et al., 2004) and the irregularity
structures move eastward (Fukao et al., 2006). The role of
a thermospheric meridional (or a trans-equatorial) wind is
to enhance the field line integrated conductivity that could
retard the ESF development (Maruyama, 1988; Abdu et al.,
2006c), which could in turn diminish the intensity and limit
the spectral extension of the secondary irregularities. The
ESF irregularities present a large degree of variability on
seasonal, day-to-day and shorter terms. While the causes
of the seasonal variation are fairly well known (e.g. Abdu,
2001), those of the day-to-day and shorter term variabili-
ties are far from being identified due to our lack of detailed
knowledge on the interdependent variability of the ambi-
ent parameters that control ESF development. One of the
sources of such variability resides in what appears to be
inherent in the nature of the seeding mechanism. In this
respect, it is still being debated whether the seeding mecha-
nism originates from a remote gravity wave source and/or a
recently proposed local instability growth by velocity shear
mechanism at the F layer bottom-side (Hysell and Kudeki,
2004). Also under discussion is the possible role of a spo-
radic E layer instability mechanism for initiating the condi-
tions for ESF development (Tsunoda, 2007). More recently,
an important source of the ESF day-to-day variability has
been shown to arise from atmosphere-ionosphere coupling
processes involving vertical propagation of planetary waves
(Abdu et al., 2006a). Ionosphere-magnetosphere coupling
processes under magnetically disturbed conditions are also
known to be an important source of ESF variability (Sastri

et al., 1997; Abdu et al., 2003).

3. Planetary Wave Effects on Evening F Layer
Heights, EPE and ESF

Vertical coupling processes involving PWs are believed
to play a significant role in the day-to-day variabilities
widely observed in important parameters of the equatorial
and low latitude ionosphere. Planetary waves of quasi 2-
day and 3- to 5-day periodicities in equatorial mesospheric
winds were reported by Gurubaran et al. (2001) and Vin-
cent (1993), respectively, and in mesospheric airglow in-
tensity by Takahashi et al. (2005). Planetary wave scale
oscillations of different periods have also been identified
in the equatorial electrojet current (EEJ) strength (Forbes
and Leveroni, 1992; Forbes, 1996; Abdu et al., 2006b) and,
more recently, in mesopause temperature and EEJ strength
(Vineeth et al., 2007), equatorial ionization anomaly (Chen,
1992) and equatorial F layer height and vertical plasma
drift (Takahashi et al., 2005; Abdu et al., 2006a, b). The
influence of the PWs on the sunset electrodynamics can
result in significant modifications in the intensity of the
evening prereversal electric field enhancement and the post
sunset F layer heights and, hence, play an important role in
the widely observed day-to-day variability in the equatorial
spread F /plasma bubble irregularity generation, which is
primarily driven by the EPE. Recent analysis has provided
evidence of a direct connection between the PW manifes-
tations in mesospheric winds and the EPE with consequent
variations in the equatorial spread F intensity/occurrence
(Abdu et al., 2006a). Figure 4 shows (top panel) the peak
evening F layer vertical drift (Vzp) over the equatorial and
low latitude sites, Cachimbo (9.47◦S, 54.83◦W, dip an-
gle: −3◦) and Campo Grande (20.44◦S; 54.64◦W; dip an-
gle: −22◦), respectively, in Brazil, as obtained during the
October–December 2002 COPEX campaign (Abdu et al.,
2007). The Vz was calculated from the time rate of change
of the F layer height (the mean of the dhF/dt calculated
at the plasma frequencies of 4 and 5 Hz), which is a re-
alistic vertical drift for hF ≥ 300 (Bittencourt and Abdu,
1981). There is a large difference in the Vzp amplitudes at
the two stations, the amplitude being significantly smaller
over Campo Grande than over Cachimbo. The implications
of these have been discussed in Abdu et al. (2007). The im-
portant point to note is that there are large day-to-day vari-
ations in the Vzp that are mostly in-phase at the two sites.
While some of these variations could be caused by mag-
netic activity and solar flux variations (plotted in the lower
three panels), there are variations of large amplitudes (such
as those during the hatched intervals in Fig. 4) that are not
possibly caused by the magnetic activity, which was quiet
during these periods, or by the variations in F10.7. Some
of these variations have been shown to be associated with
upward propagating planetary waves. Figure 5 shows the
Vzp values (top panel) as in Fig. 4 and their wavelet power
spectra (lower two panels) over the two sites. They appear
well correlated at the two stations, except for some possible
local effects at the two locations separated in North-South
by ∼1200 km. The lower four panels present the wavelet
power spectra of mesospheric zonal and meridional winds
at 95 m and 100 m over Cachoeira Paulista (22.6◦S, 315◦E;
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Fig. 3. Left panel A drift and backscattered power map for September 17, 1996 (sunset time 18:03 LT, Kp = 4−, 2−). Data quality are poor above
∼500 km as a result of interference from JRO ionosonde. (Kudeki and Bhattacharyya, 1999). Right panel A vertical profile of the vertical electric
field from Haerendel et al. (1992), which resembles the electric field to be obtained from a vertical cut of the vortex flow at ∼19:20 LT in the left
panel. Note that the height axes of the two panels do not match, but the height of zero Ez is about the same in both panels, which is near 300 m.

dip angle: −32◦). (For details on the meridional and zonal
wind measurements by meteor radar, see Hocking et al.,
2001). We may note in Fig. 5 the presence of oscillation
periods in the power spectra, ranging from ∼3 to 7 days,
during the interval from day 305 to day 320, that are com-
mon in the Vzp and mesospheric winds. None of the major
periodicities in the Vzp or in the mesospheric winds appears
to be related to those in the magnetic or solar flux indices,
as can be verified from the wavelet power spectra of these
indices plotted in Fig. 6. Therefore, the day-to-day vari-
ations in the evening prereversal electric field do seem to
contain a component driven by planetary waves. A wave
decomposition analysis for this case by Abdu et al. (2006a)
showed dominance of 4- to 5-day and 7-day periods in both
the Vzp and mesospheric winds that presented a downward
phase propagation similar to that observed by Pancheva et
al. (2003) from an analysis of sporadic E layer features and
mesospheric winds.
Ultra Fast Kelvin (UFK) waves trapped in the equato-

rial latitude propagating from troposphere to ionospheric
heights have recently been shown to cause significant mod-
ulation in the mesospheric winds, as measured by meteor
radars and in post sunset F region parameters h′F and foF2,
measured by ionosonde (Takahashi et al., 2007). Figure 7
shows band-pass filtered wave oscillations of 3.5-day pe-
riod in foF2 (top panel) and h′F (middle panel) over For-
taleza and in the zonal wind at 90 m (bottom panel) over
Cariri (7.4◦S, 36.5◦W). The ionospheric data correspond to
21 T (one data point per day), whereas the zonal winds
are hourly mean values. The dominant oscillations in all
these parameters that can be noted around day 66 presented
downward phase propagation with a vertical wavelength
of ∼40 km. From the propagation characteristics of these
waves as diagnosed from measurements at widely separated

Fig. 4. The Vzp values for Cachimbo and Campo Grande plotted during
the COPEX campaign days from 270 to 343 (top panel). The lower
three panels show the solar flux F10.7, the Kp and the Dst values for this
period. Intervals of magnetically quiet days are shown hatched.

longitudes and latitude, the UFK wave characteristics of
these oscillations were identified. The upward propagation
of these waves to ionospheric height, causing correspond-
ing oscillations in the post-sunset F region densities and
heights that are controlled by the EPE, was also verified.
These results demonstrate the existence of a strong verti-

cal coupling through upward propagating planetary waves
leading to day-to-day oscillations in mesospheric winds,
EPE and post-sunset F region parameters. A possible elec-
trodynamic coupling mechanism connecting these oscilla-
tions will be addressed in the discussion section.
It is well known that the EPE and the resulting F layer
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Fig. 5. (a) Vertical drift velocity (Vzp) variations over CX and CG for the
period October–December 2002 (top panel) (b) Morlet wavelet power
spectral distribution of Vzp oscillations over the two stations (c) Wavelet
spectral distribution of the daily means of mesospheric zonal and merid-
ional winds at 100 m over Cachoeira Paulista (the two upper panels) and
at 95 m (the two lower panels). The periods within the black line con-
tours have 95% confidence level.

height rise are major causes for the development of the post-
sunset ESF irregularities (Farley et al., 1970; Abdu et al.,
1983; Fejer et al., 1999). Thus, a major consequence of the
PW oscillations in the EPE is its contribution to the day-
to-day ESF variability widely observed under magnetically
quiet conditions (Abdu et al., 2006a, b). The statistical as-
sociation between the Vzp over Cachimbo and the ESF in-
tensity over the same site as well as over two low latitude
sites CG and CP are presented in Fig. 8 for the period Oc-
tober to December 2002 (see also Abdu et al., 2007). (The

spread F (SF) intensity is represented in terms of the in-
creasing degree of range spreading indexed as 1, 2, 3, for
details, see Abdu et al., 1983). At Cachimbo, where the SF
first develops and the irregularity strength appears to reach
the well-developed stage typically within about 30 min or
more, the spread F occurrence between 18 and 20 T is con-
sidered. At Campo Grande and Cachoeira Paulista where
the SF occurs with some time delay (with respect to its oc-
currence over dip equator) due to the plasma bubble ver-
tical growth time, the event intensities from 18 to 24 LT
are considered. We note from the scatter plots that over
Cachimbo the bottom side SF does not occur for Vzp less
than a threshold value of 25 /s. The threshold values of Vzp

for varying degrees of topside bubble developments, as in-
dicated by the SF over CG and CP, are around 32–35 m/s.
These threshold values are generally consistent with previ-
ous results (Fejer et al., 1999; Abdu et al., 2006c). Over-
all, there is a trend of the SF intensity to increase with in-
creasing Vzp over all the sites. The degree of scatter in
the SF intensity for a given Vzp amplitude indicates addi-
tional factors shown in Fig. 1 that control the SF intensity,
including (1) the amplitude of the seed perturbation (such
as gravity waves) needed for the R-T instability mechanism
to operate and (2) field line integrated conductivity depend-
ing upon thermospheric meridional/trans-equatorial winds
(Maruyama, 1988; Abdu, 1997; Mendillo et al., 2001) of
which some recent results have been presented by Abdu et
al. (2006c, 2007). A discussion on the role of gravity waves
in seeding the ESF is beyond the scope of this paper (but see
the overview paper by Fritts et al. (2009) in this issue). The
competitive roles played by items (1) and (2) in the ESF
growth conditions can cause some ambiguity in the iden-
tification of the ESF variability as arising from a specific
planetary wave episode whose effects on the EPE is more
readily identifiable.

4. Evening Prereversal Electric Field Enhance-
ment and Sporadic E Layers: Interactive Roles

When investigating the PW effects on ESF operating
through the EPE (Fig. 1) it is necessary to examine some
additional factors that affect both the EPE and ESF and the
recently proposed interactive connection between the EPE
and the evening sporadic E layers (Abdu et al., 2003; Car-
rasco et al., 2005, 2007) is a case to be considered. Abdu
et al. (2003) showed that sporadic E layer formation during
post-sunset hours can be interrupted/disrupted under the de-
velopment of the EPE of sufficient intensity, meaning that
the EPE of a smaller than a critical value does not inter-
rupt the Es layer development. Several examples of such
cases were presented by Abdu et al. (2003) and Carrasco
et al. (2007). An interesting case of Es layer disruption
is presented in Fig. 9(a) which shows the disruption of a
sequential/descending Es layer at a height of ∼120 km at
∼18 LT when the F layer base height (h′F) in its rapid as-
cent was at ∼300 m and when the vertical drift was >37 /s.
The wind-shear responsible for the Es layer formation ap-
pears to have persisted for an extended duration so that the
restructured Es layer at 21 LT continued its descent at the
descent rate of the wind shear nodal point until past mid-
night. More examples of the Es layer disruption associ-
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Fig. 6. Wavelet power spectra of the F10.7 and Dst parameters during the same period as that of the data analyzed in Fig. 5.

Fig. 7. Amplitude and phase of the 4±1-day filtered oscillations of
Fortaleza foF2 (top), h′ F (middle), and Cariri zonal wind at 90 m
(bottom) during the period from January 1 to April 30, 2005 (Takahashi
et al., 2007).

ated with the EPE are presented in Fig. 9(b) (taken from
Carrasco et al., 2005). The examples presented for a set
of days in June 2001 show that for a large F layer up-
lift (left panel) corresponding to a mean vertical velocity
of ∼35 m/s, a disruption of the ongoing Es layer forma-
tion occurred, whereas for another set of days (right panel),
for which the mean vertical drift was ∼15 m/s, the ongo-
ing Es layer was not disrupted. Such a result was explained
by Abdu et al. (2003) in terms of the effect of the verti-

Fig. 8. The evening vertical drift velocity peak (Vzp) plotted versus the
spread F intensity indexed by numbers indicating the range spreading in
hundreds of kilometers: ‘1’ indicates 100 km < spread range ≤ 200 km;
‘2’ stands for 200 km < spread range ≤ 300 km, and ‘3’ stands for
spread range > 300 km.

cal electric field, associated with the EPE development, in
causing vertical plasma transport at E layer heights. De-
pending upon whether directed upward or downward, such
an electric field could retard or enhance the vertical ion con-
vergence driven by a wind/wind shear mechanism basically
responsible for the Es layer formation. An upward directed
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electric field can disrupt the vertical ion convergence while
a downward electric field can enhance it (see Abdu et al.,
2003; Carrasco et al., 2007 for further details). The vertical
structure of the evening vertical electric field over the equa-
tor, associated with the EPE development, as modeled by
Haerendel et al. (1992), is consistent with the vortex plasma
flow as measured by the Jicamarca Radar (Kudeki and Bat-
tacharyya, 1999) in the example shown in Fig. 3. The lo-
cal time of the vortex center could vary from one evening
to another. While it occurred at ∼1920 LT in Fig. 3, the
modeling by Haerendel et al. (1992), was done for 1900 T.
The vertical structure through the vortex center consists of
an upward directed field in the height region ∼90–300 km
and a downward directed field above ∼300 km. When this
electric field is field-line mapped to off-equatorial latitudes,
we have an upward directed electric field over Fortaleza
(3.9◦S, 38.45◦W, dip angle: −9◦) and a downward directed
electric field at a location farther away in latitude, such as
Cachoeira Paulista. As explained by Abdu et al. (2003),
this situation leads to disruption of Es layer formation over
Fortaleza while uninterrupted, or even enhanced, Es layer
formation over Cachoeira Paulista during the EPE develop-
ment. Results in support of this explanation were presented
in Fig. 8 of Abdu et al. (2003). More recently, a numerical
simulation of the Es layer evolution in the evening hours
was performed by Carrasco et al. (2007) using an E layer
model that included all important molecular and metallic
ions and electrodynamical and photo-chemical processes.
Continuity and momentum equations, including the effect
of the vertical electric field, were solved for the different
species to obtain the E layer electron density vertical pro-
files. The vertical structure of the vertical electric field used
in the solution was obtained from an E-F region electrical
coupling model (Heelis et al., 1974; Batista et al., 1986)
adapted for the Brazilian longitude (see Carrasco et al.,
2007 for details). Figure 10 (taken from Carrasco et al.,
2007) shows in the left panel the results obtained for Fort-
aleza when no electric field was included in the calculation
and the Es layer continues to be strong during the hours fol-
lowing sunset extending to midnight. On the other hand, the
result plotted in the right panel was obtained by including
the vertical electric field in the calculation, which shows
Es layer disruption starting at ∼20 LT and its reconstitu-
tion after about 2 h. The electric field was directed upward
(corresponding to westward plasma flow) in the F layer
bottom-side until ∼300 km and downward directed above
that height (eastward plasma flow), as depicted in Fig. 3.
The upward directed electric field is responsible for the Es

layer disruption over Fortaleza simulated in Fig. 10. The
downward directed electric field at higher heights maps to
higher latitudes, such as Cachoeira Paulista, where the Es

layer should continue uninterrupted or enhanced, as was
indeed observed (Abdu et al., 2003). Note that the case
of significant EPE that causes the Es layer disruption cor-
respond to the conditions propitious for the ESF develop-
ment. This situation can result in an anti-correlated varia-
tion between the post-sunset ESF and Es layer occurrences
at latitudes closer to the equator (such as Fortaleza) but a
positive correlation between them for latitudes farther away
from the equator, such as Cachoeira Paulista (Abdu et al.,

2006b). Therefore, this relationship appears to clarify the
negative correlation between ESF and Es layer occurrences
reported for the equatorial station Jicamarca by Stephan et
al. (2002) as opposed to the positive correlation between
them reported for a low latitude site Chug-Li by Bowman
and Mortimer (2003).

5. Discussion
The EPE, Es layer and ESF phenomena are intercon-

nected in additional ways by the E layer conductivity dis-
tribution in the evening hours. The field line integrated con-
ductivities (�P and �H ) and their local time/longitude gra-
dients (��P and ��P ) are known to control/influence the
EPE and ESF development. Thus, Es layers, present at the
feet of the related field lines and which may possibly en-
hance the integrated conductivities, could modify the de-
velopments of the EPE and ESF. An evaluation of the Es

layer contribution to the conductivity parameters is, how-
ever, a challenging task due to the limited horizontal exten-
sion of these layers and their heights in the evening hours
being generally well below the height of the Pederson con-
ductivity peak near 135 m (large majority of the Es lay-
ers are located approximately near 110 m in the evening
hours). Stephan et al. (2002) have shown that an increase
of integrated conductivity attributed to a presence of spo-
radic E layers could reduce the Rayleigh-Taylor instability
growth rate and, hence, negatively influence the ESF devel-
opment. A general enhancement in the field line integrated
conductivity in the evening hours can cause a reduction in
its gradient across the terminator. Such a reduction in the
longitudinal/local time gradient in the conductivity can re-
duce the amplitude of the EPE, as can be verified from the
modeling results presented in Fig. 2 wherein the amplitude
of the EPE can be seen to increase (decrease) with increase
(decrease) in the conductivity (��P ) local time gradient
in the evening. A more detained modeling by Carrasco et
al. (2005) considered different latitudinal ranges/bins of en-
hanced conductivity, and it was found that conductivity en-
hancement in a latitude range 6◦–8◦ has the largest effect
on the EPE. The E layer field lines at this latitude range
have an apex height of 200–250 km, wherein the electron
density has large gradient at the time of the maximum in
EPE development. It appears, therefore, that the sporadic E
layers possibly contributing to conductivity increases may
produce the largest effect on the EPE when they occur in
this latitude range more than when they occur anywhere
else. Irrespective of whether the Es layer contribution to
conductivity increase is large enough, it is worthy of note
here that this latitude bin falls within the latitude range ex-
tending to either side of the dip equator wherein the Es layer
can be disrupted by the upward directed electric field of
a developing EPE discussed before (see also Abdu et al.,
2003). It was suggested by Abdu et al. (2003) that the lat-
itude of the post sunset Es layer disruption may extend up
to ±10◦ depending upon the height of the nodal point (zero
electric field) of the vortex flow over the equator. Indeed,
the results from a conjugate point equatorial experimental
(COPEX) campaign (Abdu et al., 2007; Batista et al., 2007)
showed the coexistence of Es layers of significant intensity
and spread F in the ionograms at the conjugate sites lo-
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Fig. 9. (a) F layer base virtual height (h′ F) variation (top panel) during the evening to night hours on 6–7 September 1989; the corresponding h’Es
variation (middle panel) the top frequency of the extra ordinary trace of the Es layer fxEs and the blanketing frequency fbEs (bottom panel). (b)
Diurnal variation of F layer virtual height h′ F and sporadic E layer blanketing frequency ( fbEs) for two groups of days, one group representing
a large F layer height increase at sunset accompanied with post sunset disruption of sporadic E layer (left panels) and another group representing
weaker F layer uplift for which the Es layer disruption did not occur. The data is for June 2001.

Fig. 10. E layer electron density profiles obtained from model calculation by Carrasco et al. (2007) that shows the Es layer evolution by wind shear
mechanism during the evening hours from 18 T to 24 T. Left panel shows the persistence of the Es layer when vertical electric field is neglected in the
calculation. The inclusion of vertical electric field resulted in total disappearance of the Es layer starting at 20 T, and the restructuring the Es layer
can be noted starting at ∼22 LT.

cated at ±12◦ from the dip equator, as expected. On the
other hand, it has been shown that EPE of the sufficient am-
plitude that can disrupt the Es layers (just mentioned above)
can also cause ESF development, and thus we have a situ-

ation in which the ESF and Es layers may not coexist dur-
ing the early post-sunset hours (as also mentioned above).
The interactive connections among the Es layers, EPE and
ESF based on the above reasoning are shown schematically
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in Fig. 11. This figure indicates (a) the EPE as a main
cause of ESF, (b) the EPE, through its associated vertical
electric field, as contributing to Es layer disruption when
this electric field is upward directed and (c) the Es lay-
ers, or possibly equivalently the

∑
P and �

∑
P , as exer-

cising more likely negative influences on both the EPE and
ESF. (It should be pointed out here that the conductivity
gradient due an Es layer may cause a decrease or even en-
hancement of the EPE intensity depending upon the sense
in which the longitudinal gradient in E layer conductivity
across the sunset terminator gets modified by its presence).
We must keep in mind, however, that the interactive con-
nection depicted in this figure is latitude dependent within
certain latitude region centered on the dip equator. The role
of PWs in the day-to-day variability of the EPE and, hence,
of ESF appears to be relatively somewhat better perceivable
in terms of the concerned interactive processes than is the
case with the role of Es layers in such variability. In the
former case, the important questions concern the connec-
tion between the PW oscillations in winds at mesospheric
heights and the EPE, which involves considerations on the
height regions in the ionosphere up to which the PWs could
propagate. Model studies have been conducted on the ver-
tical propagation characteristics of these waves (see, for ex-
ample, Hagen et al., 1993; Miyoshi and Hirooka, 1999).
Due to the long vertical wavelength (>50 km), the UFK
waves could penetrate into the mesosphere and even above
100 km, as pointed out by Forbes (2000). As regards the
more general classes of planetary waves, there currently ap-
pears to be theoretical difficulties in presenting their upward
propagation to ionospheric heights (Hagen et al., 1993) so
that their ionospheric manifestations have been attributed
to the electrodynamic signatures of the PW modulated tidal
modes interaction with the dynamo region (lower E re-
gion) of the ionosphere. In fact, evidence on the influence
of PW-modulated atmospheric tides of diurnal and semi-
diurnal periodicities on midlatitude sporadic E layer forma-
tion has been provided by Pancheva et al. (2003). Over the
equatorial region, the generation of the EPE by E- and F-
region electrodynamical coupling processes makes it neces-
sary that the PW effects reaching at least the E layer heights
be the main cause of the oscillations observed in Vzp. It was
pointed out earlier that the two main factors that shape the
EPE intensity are (1) the thermospheric zonal wind, which
is eastward in the evening and (2) the longitudinal/local
time gradient in the E region integrated conductivity. The
EPE development has been explained by Rishbeth (1971) as
arising from the curl-free conditions applied to the rapidly
changing (from day-to night-side) evening F region vertical
electric field as given by:

Ez = Uy × B0 [�F/ (�F + �E )] (1)

where Uy is the thermospheric zonal wind, B0 is the geo-
magnetic field intensity and

∑
E and

∑
F are the integrated

conductivities, respectively, of the E- and F- regions (Abdu
et al., 2006b). Due to the faster post-sunset decay of

∑
E ,

as compared to
∑

F , Ez tends to increase towards the night-
side, and the application of curl-free condition to such an
electric field could lead to the enhanced zonal electric field,
as originally proposed by Rishbeth (1971). It is not known

Fig. 11. A schematic of the relationship between the EPE, ESF and Es
layers in the evening hours. Note the interactive relationship between
the EPE and Es layer.

if the thermospheric winds could be modulated by the PWs,
which in general do not propagate to such large heights. On
the other hand, the amplitude of the EPE is very sensitive to
the longitudinal/local time gradient in the

∑
E (Abdu et al.,

2004), which is determined by the post sunset ionization
decay by recombination and the vertical plasma transport
by tidal winds (possibly modulated by planetary waves as
stated before). In the recent study by Abdu et al. (2006a),
it was shown that changes in the amplitude and phase of di-
urnal and semi-diurnal tidal modes can cause change in the
conductivity longitudinal gradient that appears to be signif-
icant enough to modify the EPE amplitude. In this way,
these results appear to provide evidence on the key role of
the E layer conductivity, that is, the evening conductivity
longitudinal/local time gradient for the discussed case, in
the upward coupling of the PW effects into the equatorial F
region.
As a further step towards verifying the role of the E

layer conductivity, some additional results are presented in
Fig. 12 wherein the analyzed data corresponds to the same
period and site as in Fig. 5. The hF values at a plasma
frequency of 4 Hz during post sunset and post-midnight
intervals, taken as the mean of the values during 21–23 T
(19–21 T) and during 05–07 T (02–05 T), respectively,
for Campo Grande, are plotted in the top panel of Fig. 11
with their wavelet power spectra plotted in the lower pan-
els. The post-sunset F layer heights (hF) can be consid-
ered to be integrated values of the evening Vz as given by:
hF(t) = h0F + ∫

Vzdt ; here h0F corresponds to the start-
ing height at approximately at 17 T, which is just prior to
the onset of the evening height enhancement. The integra-
tion should be valid as long as the hF(t) continues to be
≥300 m, usually till around midnight for the Brazilian re-
gion. Therefore, the wavelet spectral analysis for the EPE
and post-sunset F layer height should yield similar results.
This appears to be nearly the case when we compare the re-
sults at 21–23 T in Fig. 12 with the Vzp results for Campo
Grande in Fig. 5. The PW oscillations of similar periods
(3–7 days) during the same day interval (around day 305)
are evident in both parameters. On the other hand, the re-
sult for hF during the post midnight (05–07 T) interval does
not show any corresponding PW oscillation, which appears
to be a significant result. The reason for the PW oscillation
not being present at these hours may be attributed to the
fact that the EPE contribution to the hF does not extend to
post-midnight hours. Note that the EPE intensity depends
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Fig. 12. The F layer height (hF) at 4 MHz as mean values during the intervals 05–07 T (02–04 T) and 21–23 T (19–21 T) over Campo Grande plotted
from day 270 to day 343 (October–December period) of 2002 (top panel); the wavelet power spectra of the hF values during the two local time
intervals respectively in the middle and bottom panels.

upon the E layer conductivity local time gradient. This re-
sult would thus suggest that E layer conductivity longitu-
dinal/local time gradient is a connecting link between the
upward propagating PWs and oscillations in the EPE and
post sunset F layer height.

6. Conclusions
In this paper we have discussed some important as-

pects of the vertical coupling processes of the equatorial
atmosphere-ionosphere system that play key roles in the
widely observed day-to-day variability of the evening pre-
reversal electric field enhancement/vertical plasma drift that
has consequences on the spread F /plasma bubble develop-
ments. We focused on the effects of upward propagating
planetary waves on the EPE and ESF and on the interactive
role of evening sporadic E layers in them. The main con-
clusions of this paper (supported by other recent results re-
ferred to in this paper) may be summarized as follows: large
day-to-day variation in the evening prereversal electric field
and spread F can be caused by upward propagating plan-
etary waves; sunset E layer conductivity, with its longitu-
dinal/local time gradient, modulated by the E layer winds
plays a leading role in the variability of the EPE and post-
sunset F layer heights that account for part of the ESF vari-
ability (the planetary wave modulation of the tidal modes
appears to be responsible for the variability in the E layer
winds); the role of evening sporadic E layers in the EPE and
ESF appears to operate in interactive ways and is dependent
on the latitude of their occurrence, closer to the dip equator
their development being negatively influenced by the EPE.
This relationship and especially the interactive role of the
Es layers from latitude farther away form the dip equator
needs to be evaluated from analysis of more data.
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