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Abstract. Equatorial plasma bubble/spread F irregularity oc-

currence can present large variability depending upon the in-

tensity of the evening prereversal enhancement in the zonal

electric field (PRE), that is, the F region vertical plasma drift,

which basically drives the post-sunset irregularity develop-

ment. Forcing from magnetospheric disturbances is an im-

portant source of modification and variability in the PRE

vertical drift and of the associated bubble development. Al-

though the roles of magnetospheric disturbance time pene-

tration electric fields in the bubble irregularity development

have been studied in the literature, many details regarding

the nature of the interaction between the penetration electric

fields and the PRE vertical drift still lack our understanding.

In this paper we have analyzed data on F layer heights and

vertical drifts obtained from digisondes operated in Brazil

to investigate the connection between magnetic disturbances

occurring during and preceding sunset and the consequent

variabilities in the PRE vertical drift and associated equato-

rial spread F (ESF) development. The impact of the prompt

penetration under-shielding eastward electric field and that of

the over-shielding, and disturbance dynamo, westward elec-

tric field on the evolution of the evening PRE vertical drift

and thereby on the ESF development are briefly examined.

Keywords. Ionosphere (ionospheric irregularities)

1 Introduction

It is a well-recognized fact that under quiet ionospheric con-

ditions over the equatorial region the evening prereversal en-

hancement in the zonal electric field (PRE) due to the F layer

dynamo developing from sunset electrodynamic processes

is a basic precursor requirement for the generation of post-

sunset plasma bubble irregularities. The enhanced electric

field driving upward the F region plasma sets the conditions

for the instability growth at the bottom side of the rapidly ris-

ing F layer. By the well-known Rayleigh–Taylor interchange

mechanism the instability may grow nonlinearly to the top-

side ionosphere as field-aligned structures of plasma deple-

tions cascading into a hierarchy of wide-ranging scale sizes

of irregularities, known as equatorial plasma bubble (EPB),

or spread F (ESF) irregularities. Variability on a short-term or

day-to-day basis in the PRE vertical drift is therefore an im-

portant aspect to be considered for a better understanding of

the variability in the EPB/ESF occurrences widely observed

in their diverse manifestations as documented in the literature

(e.g., Abdu et al., 1981, 2003, 2009; Sastri et al., 1997; Fejer

et al., 1999; Tsunoda, 2006; Su et al., 2008; Kil et al., 2009;

Huang et al., 2012; Li et al., 2012; Carter et al., 2014a). The

short-term variability in the PRE vertical drift may arise from

external forcing due to (1) upward propagating atmospheric

waves (gravity waves, planetary/Kelvin waves or modulated

tidal modes) that can modify the evening prereversal elec-

tric field (e.g., Abdu et al., 2006; Takahashi et al., 2009),

or (2) disturbance time magnetosphere–ionosphere coupling

when penetration electric fields and/or disturbance dynamo

electric fields may dominate the low latitude ionosphere
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with their polarities in phase or anti-phase with the prere-

versal electric field (Abdu et al., 2003, 2009). In case (2),

which is of our specific concern in this paper, we consider

mainly the effects arising from penetration electric fields

occurring due to under-shielding or over-shielding condi-

tions representing a substorm/storm development and recov-

ery phases, respectively, (see, for example, Kelley, 1989).

Normally a southward turning of the interplanetary magnetic

field component Bz is followed by auroral electrojet intensi-

fication accompanied by establishment of the Region 1 field-

aligned current (R1 FAC), marking a storm/substorm devel-

opment. The magnetospheric convection electric field (that

is, the interplanetary electric field mapped onto high latitude)

then promptly penetrates to equatorial latitude as an under-

shielding electric field (PPEF) that has its polarity directed

dawn-to-dusk. The subsequent development of the Region 2

FAC at a timescale of 20–30 min then provides the shielding

layer to balance the convection electric field, so that a follow-

ing northward turning of the Bz marking (usually) the sub-

storm recovery, as indicated by a decay in the auroral elec-

trojet, results in the penetration of an over-shielding electric

field (OSEF) to equatorial latitudes that has its polarity di-

rected dusk-to-dawn. In other words, an imbalance between

the R1 and R2 FACs under a substorm/storm time convec-

tion process is the main cause of the PPEF (and hence that of

the OSEF). Different mechanisms operate for the propaga-

tion of these disturbance electric field to equatorial latitude

(see for example, Kikuchi et al., 2000; Senior and Blanc,

1984; Tsunomura, 1999; Spiro et al., 1988). An equatorward

extension of the storm/substorm current systems (such as the

DP2 current system) may also contribute to the disturbance

electric fields observed at equatorial latitudes (e.g., Nishida,

1968; Kikuchi et al., 1996; Abdu et al., 1998). The electric

field polarity local time variation based on satellite observa-

tional data (Fejer et al., 2008) and modeling results (Senior

and Blanc, 1984; Richmond et al., 2003) is characterized by

its eastward and westward polarities for the day–evening sec-

tor and night sector, respectively, in the case of the PPEF,

and of opposite polarity for the OSEF. Huang et al. (2010)

have presented statistically a linear relationship between the

dusk sector storm time zonal and vertical electric fields at

840 km altitude of the DMSP F13 satellite and the interplan-

etary electric field as obtained from the IMF Bz data mea-

sured by the ACE satellite. In the evening sector, which is of

our present interest, (as also in the sunrise sector), in the pres-

ence of the longitudinal gradient in the E layer conductivity,

the electric fields are more intense than at other local times.

These electric fields can therefore enhance or suppress the

PRE vertical drift in significant ways as known from some

previous studies (e.g., Abdu et al., 2003, 2009). The previous

results based on case studies did not, however, address the

degree to which the preceding state of the disturbances and

related electric fields could constrain/shape the responses to

the penetration electric fields leading to the PRE vertical drift

modifications. In fact, it has been noticed that the F layer

height, in the hours preceding the sunset, (which by itself

may be disturbed by a perturbation electric field), could be

an indicator of the degree to which the evening PRE vertical

drift will be modified in response to a given disturbance elec-

tric field. In this paper we address in some detail the nature

of the evening vertical drift response, to disturbance elec-

tric field originating from under-shielding and over-shielding

conditions, and from disturbance dynamo under different

conditions of preexisting disturbances and associated elec-

tric fields. Digisonde data from the Brazilian equatorial sites

of Fortaleza (3.9◦ S, 38.45◦ W; dip angle: −9◦) and Sao Luis

(2.33◦ S, 44.2◦ W; dip angle: −0.5◦) are analyzed to examine

the nature of the responses by F layer heights at fixed plasma

frequencies, and vertical drifts derived therefrom, to penetra-

tion electric fields occurring in the evening hours and under

different phases and degrees of magnetic disturbances.

2 Observational results

2.1 PRE vertical drift enhancement due to

under-shielding E field

In order to understand the nature of the effect of the PPEF on

the evening PRE vertical drift, we will examine some cases

of the relationship between them for varying intensity of the

PPEF. In Fig. 1 we present an interesting sequence of events

to illustrate the connection between penetration electric field

occurring in the evening sector and its impact on the PRE

to be discussed in more detail also using Figs. 2 and 3 to

follow. Figure 1 shows the hmF2 variation during a 5-day

interval that begins with a quiet day, 14 September 2000.

The corresponding variations in the interplanetary magnetic

field (Bz), the auroral electrojet (AE) and the Sym-H indices

are shown in the lower three panels (respectively descending

from the top). The Sym-H is the high-resolution (1 min val-

ues) version of the Dst index (Wanliss and Showalter, 2006),

which we have used everywhere. The Bz turned south, ac-

companied with corresponding onsets of activities in AE and

Sym-H, just preceding the sunset time (that is, the PRE de-

velopment time) interestingly, at about the same local time

in all three evenings (of 15, 16 and 17 September). It may

be noted that the Bz south intensity (immediately after its

southward turning) was around −10, −15 and −25 nT, re-

spectively, on the successive evenings, with correspondingly

more intense activity levels in the AE and Sym-H indices as

well. The vertical lines 1, 2 and 3 on 15, 16 and 17 Septem-

ber, respectively, indicate these features. The substorm/storm

developments represented by these onset phases should be

associated with equatorward penetration of under-shielding

electric field of eastward polarity, (see for example, Kikuchi

et al., 2000) and as a gross indicator of the effect of this east-

ward PPEF we may note that post-sunset hmF2 peaks are

systematically larger on these successive days (going from

15 to 17 September). This may be reckoned as the conse-
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Figure 1. hmF2 variations over Sao Luis on 14, 15, 16 and 17 September 2000 (a). The variations in Bz (b), AE index (c) and Asy-H/Dst (d),

for the same days.
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Figure 2. Panels from top to bottom show variations in the following parameters during 14–16 September 2000: (a) the vertical drift (Vz)

obtained as mean of those calculated as dhF/dt at four plasma frequencies, 4 MHz, 5, 6, and 7 MHz (blue curve) and a representative quiet

day Vz variation (pink curve); (b) the F layer heights at fixed plasma frequencies at 1 MHz interval from 3 to 12 MHz (color coded), and

the fop parameter (in orange) indicative of the spread F intensity, in MHz (scale inset); and (c) Interplanetary magnetic field component Bz,

(d) the auroral activity index AE; and (e) the Sym-H/Dst index at 1 min interval. Please note that the UT on the x axis is cumulative with

increasing number of days.
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Figure 3. Panels from top to bottom show variations in the following parameters during 16–18 September 2000: (a) the vertical drift (Vz;

blue curve) obtained as mean of those calculated at four plasma frequencies, 4, 5, 6, and 7 MHz, with the quiet day reference curve shown in

pink. The digisonde data are taken at 15 min cadence. The Vz values (blue curve) plotted are smoothed values representing 4-point running

mean. There is a break in the data between 02:30 and 09:00 LT; (b) the F layer heights at fixed plasma frequencies at 1 MHz interval from 3

to 12 MHz (color coded) and the fop parameter (in orange) indicative of the spread F intensity in MHz (scale inset); (c) The interplanetary

magnetic field z component, Bz; (d) the auroral activity index AE; (e) the Sym-H/Dst index at 1 min interval. Please note that the UT on the

x axis is cumulative with increasing number of days.

quence of the fact that the post-sunset hmF2 peak reflects the

intensity of the PRE vertical drift.

For further details, we show in Fig. 2 the relationships

among the PRE vertical drift, the F layer heights, and

spread F, under the presence of any PPEF indicated by the Bz,

AE and Sym-H activities, during the interval 14–16 Septem-

ber. The F layer height variations are shown using isolines of

heights at a number of sequential plasma frequencies (from

3 to 12 MHz), and the spread F occurrence is plotted using

the parameter fop, the top frequency of the spread F (SF)

trace in the ionogram, which is indicative of the SF intensity

(Abdu et al., 2012). We may point out that the F layer verti-

cal drift was calculated as Vz = dhF/dt from the digisonde

data, which is a valid representation of the true vertical drift

when the hF values are near and above 300 km (Bittencourt

and Abdu, 1981). On 14 September, a quiet day, the PRE ver-

tical drift reached a peak of 27 ms−1 at 18:30 LT (21:30 UT),

and post-sunset spread F developed on this evening. As com-

pared to this, on the evening of 15 September, magnetic ac-

tivity set in, with Bz turning south at ∼ 20 UT (17 LT; see

also, Fig. 1). A rapid intensification of the AE (to 1000 nT)

at 18:00 LT (21:00 UT), under the Bz south condition, was a

clear indicator of a PPEF of eastward polarity that caused a

more rapid F layer rise, with correspondingly larger PRE ver-

tical drift on this evening (than on the previous evening), in-

dicated by “1”. This occurred at the time of the development

of the normal PRE vertical drift, which therefore is seen en-

hanced by about 13 ms−1 compared to its value on the previ-

ous evening, the PRE vertical drift on this evening peaking at

40 ms−1. Spread F developed promptly and appears to have

grown faster in intensity, but its duration was shorter (than

on the previous evening), which was perhaps the result of a

faster decrease in the PRE drift (from its peak), arising from

a rapid decay in the AE activity.

Moderate disturbances as indicated by Bz southward fluc-

tuations, with AE intensifications and a mild decrease in

Sym-H, indicative of a very weak magnetic storm (although

marginally qualified to be characterized as such in most part)

continued through 16 September, the last day in Fig. 2, and

shown also in the beginning of Fig. 3. We may note that

Bz south was more intense (−15 nT) on this evening, with

the corresponding AE intensification also being larger. This

occurred at the time of the normal PRE development, and

therefore the associated under-shielding PPEF of eastward

polarity contributed to an enhanced PRE vertical drift, which

peaked at 44 ms−1, that is, 17 ms−1 higher than its quiet time

value of 27 ms−1; this increase in the PRE corresponded to

a PPEF of 0.4 mVm−1. Compared to this, the PPEF that

contributed to the enhanced PRE on the previous evening
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Figure 4. Variations during 12–13 October 2003 in the ionospheric parameters over Fortaleza and magnetic field/indices variations in panels

from top to bottom: (a) F layer heights at fixed plasma frequencies, from 3 to 13 MHz, and Spread F index fop, the top frequency of the

spread F trace in the ionogram in MHz with scale shown inset; (b) Vertical drift as mean of the drifts calculated at 4, 5, 6 and 7 MHz; (c) the

interplanetary magnetic field component Bz; (d) Auroral electrojet activity index AE; (e) The Sym-H representing 1 min Dst values.

(15 September) was 0.3 mVm−1 when the Bz south was only

∼ 10 nT.

Relatively low-to-moderate intensity disturbance contin-

ued on to the next day until about 19:00 UT (on 17 Septem-

ber) when an intense storm began to develop with the Bz

turning south accompanied by AE activity intensification

and rapid Sym-H decrease starting at ∼ 20 UT (17 LT) just

prior to the development of the normal PRE vertical drift

(in a sequence very similar to that of the previous two

evenings). On this evening the Bz south reached a minimum

of ∼ −20 nT, with the Sym-H decreasing to ∼ −180 nT).

A strong under-shielding PPEF of eastward polarity associ-

ated with the storm development contributed to a large in-

crease in PRE vertical drift that attained a peak value of

about 100 ms−1. The intensity of the eastward PPEF in this

case was ∼ 1.8 mVm−1. The spread F intensity represented

by the parameter fop is also shown in the figure (second

panel from top). We note that the spread F is more intense

and longer lasting (though interrupted by data break) follow-

ing the disturbance-induced and extremely large PRE vertical

drift that marked this evening (17 September).

A comparison of these unique results on the three evenings

in Figs. 2 and 3 reveals an important behavioral feature of the

disturbance time PRE/ESF development, that is, the larger

the intensity of the magnetic disturbance (as judged from the

magnitudes of the Bz south, AE intensification and Sym-

H decrease the more intense is the PPEF with associated

larger increase in the evening vertical drift. This is the first

time that a positive control of the PRE vertical by increasing

intensity of under-shielding PPEF of eastward polarity (in

the post-sunset hours) is being presented. Corresponding to

the increased PRE intensity the spread F was also generally

more intense although a clear proportionality between them

could not be established, which is to be expected since the

ESF instability growth would depend also upon factors other

than vertical drift, such as the precursor background condi-

tions and seed perturbations in the form of wave structure in

the plasma density and polarization electric field (Tsunoda,

2012; Abdu et al., 2015).

It may be noted further that during the pre-sunset hours,

that is, during the hours immediately preceding the occur-

rence of the PPEF, the F layer height variations represented

by the isolines at fixed plasma frequencies were very similar

www.ann-geophys.net/36/609/2018/ Ann. Geophys., 36, 609–620, 2018
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on all five days. We will show below that a notable difference

in the F layer heights (on a day-to-day basis) during hours

preceding the PRE, especially around 15:00 to 18:00 LT, can

be an indicator of a corresponding difference in amplitude

of the PRE vertical drift to follow under the influence of a

disturbance electric field.

Figure 4 shows the variations in F layer heights at fixed

plasma frequencies (from 3 to 13 MHz), the spread F pa-

rameter fop, the vertical drift Vz (similar to that presented

in Figs. 2 and 3) over Fortaleza, the auroral activity index

AE, the IMF-Bz, and the Sym-H index during 12 and 13 Oc-

tober 2003. We may note that 12 October was practically a

quiet day, with only very weak auroral activity (the AE inten-

sifications not exceeding 250 nT). The evening PRE vertical

drift peaked at ∼ 45 ms−1 at 18:20 LT that was followed by

intense post-sunset spread F activity (as can be noted from

the fop values). In contrast to this, day 13 was fairly dis-

turbed with moderate AE activity, the Bz showing only very

weak southward excursions and positive Sym-H fluctuations

until about 09:00 LT. The Bz turned south at ∼ 10 LT that

was promptly accompanied by AE intensification and Sym-

H decrease, indicating the onset of a substorm that soon re-

covered with Bz turning north followed by AE and Sym-H

recovering by ∼ 15–16 LT. Then a further Bz turning south

(by −10 nT) at ∼ 16:30 LT was followed by rapid intensifi-

cations in both the AE and Sym-H that reached their peak

intensities near 18 LT, close to the time of the normal PRE

vertical drift peak. A PPEF of eastward polarity should be

associated with these rapid increases in AE and Sym-H in-

tensities, which in turn should have contributed to enhance

the amplitude of the PRE vertical drift. However, we note

that the PRE peak on this evening was smaller, by 10 ms−1,

than on the previous day (that was a quiet day). In this con-

text we note that the AE activity that peaked near 13 LT (at

750 nT) decayed rapidly to reach zero by ∼ 16–17 LT, which

was accompanied by Bz increasing north and Sym-H recov-

ery as well (indicated by a horizontal bar), a situation that

indicates the presence of an over-shielding electric field of

westward polarity. This westward electric field was respon-

sible for the lowering of the F layer heights during this pe-

riod, clearly noticeable in comparison with their values on

the previous day (in top panel). (For example, at ∼ 16 LT the

F layer height at the plasma frequency of 12–13 MHz was

less by 80 km on the 13 October as compared to the corre-

sponding value on the 12 October.) The reduction in the PRE

drift might appear to be related to the over-shielding west-

ward E field that prevailed in the preceding interval. How-

ever, since the over-shielding decay time is around 30 min

from the substorm recovery (as shown by Abdu et al., 2017)

and the PRE drift peak occurred at ∼ 18 LT, which is about

1.5 h after the completion of AE recovery by around 16 LT,

(and therefore later than the expected over-shielding decay

time), we need to consider another possible cause for the re-

duced zonal electric field/vertical drift on this evening. One

strong candidate is the disturbance dynamo electric field that

may have originated from the AE activity that had started at

07:00 LT (10:00 UT) on this day. The precedence of about

11 h to the PRE peak in this case does meet the requirement

for the DDEF development to affect the equatorial region

(Blanc and Richmond, 1980; Scherliess and Fejer, 1997), al-

though the intensity of the storm may appear to be marginal

for generating DDEF compared to the storm intensities for

the cases discussed in the literature (for example see, Scher-

liess and Fejer, 1997). The rapid AE recovery from its peak

at 18:00 LT (when Bz was also recovering from its southward

excursion), with associated over-shielding westward electric

field, appears to have caused a slightly faster reversal of the

vertical drift (than on the previous evening). The effect on the

SF (spread F) on the two nights due to the different intensities

of PRE vertical drift is not very well defined except that on

the night of 12–13 the SF persisted into post-midnight hours

till 03:00 LT, whereas on the night of 13–14 it ended near

midnight (not shown here).

The above scenario of the response sequence appears to

be a good demonstration of how the occurrences of under-

shielding electric fields associated with rapid intensification

of AE under Bz south conditions and variable Sym-H de-

creases, all occurring near sunset, can shape the intensity of

the evening PRE vertical drift.

2.2 PRE vertical drift suppression due to

over-shielding E field

The PRE vertical drift velocity may also be modified by

over-shielding electric field that may occur at the time of its

evening development, which therefore is an important source

of its short-term variability. Figure 5 shows two examples of

the response of the PRE vertical drift in contrasting situations

of over-shielding and under-shielding electric field present

at sunset. In Fig. 5a the variations in vertical drift, the Bz,

the auroral activity index AE and the Sym-H are compared

on two days, 8 and 9 November 2003. On both days, weak

to moderate activities in Bz, AE and Sym-H were present

in varying degrees during the hours preceding the sunset.

The possibility of disturbance dynamo electric field in the

evening hours may or may not be present since the intensity

of the Sym-H variations (with the required antecedence) was

small on one of the days. We note that on 8 November, a qui-

eter day, the PRE vertical drift peaked at close to 30 ms−1

(at 21:15 UT/18:15 LT) that was followed by spread F on-

set at 21:20 UT (18:20 LT; not shown here). On 9 November,

magnetic activity of weak to moderate intensity preceded the

sunset hours. Just prior to sunset, the AE activity and the

Sym-H presented a recovery during 19:00 UT to 21:00 UT,

accompanied by Bz turning north. The over-shielding west-

ward electric field associated with this activity recovery that

ended at 21:00 UT (during the PRE development period) ap-

pears to have contributed to a near-total suppression of the

PRE, in which a possible contribution from disturbance dy-

namo cannot be completely ruled out. We may note that post-

Ann. Geophys., 36, 609–620, 2018 www.ann-geophys.net/36/609/2018/
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Figure 5. (a) The variations during 8 (blue curve) and 9 (red curve) November 2003 in the vertical drift over Fortaleza (top panel); the

interplanetary magnetic field component Bz (panel 2); the AE activity index (panel 3); and the Sym-H/Dst index (bottom panel). The dark

horizontal bars in panel 3 indicate the approximate durations of the two cases of over-shielding effects on 9 November. (b) The variations

during 14 (blue curve) and 15 (red curve) October 2003 in the vertical drift over Fortaleza and the Bz, AE index, and Sym-h/Dst indices, in

the same format as in (a). Here the two vertical red arrows indicate the onsets of over-shielding effects on the evening of 15 October.

sunset spread F did not develop on this evening. Just for com-

parison, an example of a rather clear case of a vertical drift

reversal to downward due to an over-shielding electric field

of westward polarity (associated with the Bz turning north

accompanied by recoveries in AE and Sym-H) may be noted

near midday (14:00–15:00 UT) on 9 November, indicated by

the first vertical red arrow in the top panel of Fig. 5a. The

second red arrow marks the beginning of the pre-sunset over-

shielding electric field effect explained above.

In the example of Fig. 5b, we note that on 14 Octo-

ber 2003 the PRE vertical drift attained a peak value of

50 ms−1 at 21:50 UT, which was ∼ 30 min later than on a

normal (quiet) day as can be verified by comparing with

8 November (Fig. 5a) when the PRE vertical drift peaked

at 21:15 UT. It may be noticed that the increase in Vz during
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the PRE followed, somewhat closely, the form and shape of

the AE intensification during the same period (panel 3) that

was under (fluctuating) Bz south condition. The larger am-

plitude of the PRE vertical drift peak, and its 30 min delay,

are therefore strong evidence that the PRE was modified by a

PPEF of eastward polarity associated with the AE intensifi-

cation when Bz was southward. In contrast to this, on 15 Oc-

tober, the AE variation presented a decay/recovery starting

at 20:40 UT (indicated by an arrow) that was preceded by a

weak Bz turning north, but fluctuating as well, just prior to

the normal peak time of the PRE. As a result, an associated

westward electric field appears to have caused a reduction in

the PRE vertical drift that peaked at a significantly smaller

value, being close to 25 ms−1 at 21:15 UT on this evening.

In this case the post-sunset Spread F had a slightly delayed

onset, at 22:00 UT. Additionally we notice that Vz presented

an enhanced negative departure centered at 22:30 UT, which

appears to be caused by a second episode of over-shielding

westward electric field possibly indicated by the AE decrease

that occurred at this time (also indicated by an arrow), but

without being accompanied by any clear corresponding Bz

signature.

The example of the PRE suppression by over-shielding

electric field so far discussed above, including some results

earlier presented by Abdu et al. (2009), were based on some

limited case studies. For further verification we present be-

low the result obtained from a statistical analysis of this ef-

fect. Figure 6 shows, in the bottom panel, the variation in the

mean of the superposed vertical drifts for a set of 18 days

(pink curve) selected on the basis of the AE variation pre-

senting a decay phase in the period immediately preceding

the PRE development (just before 20:00 UT/17:00 LT). The

corresponding AE variation, obtained as the mean for the

selected days, is shown in the middle panel of Fig. 6. The

corresponding variation in the SYM-H (also as mean for the

18 days) is shown in the top panel. The quiet time variation

in the Vz, as mean of 10 quietest days of the same period

(October–December 2003), is also plotted in the figure (blue

curve, bottom panel), which shows that the average PRE ver-

tical drift peaked at 35 ms−1. In comparison to this, we note

that the average of the PRE vertical drift under the influ-

ence of AE decay was only 20 ms−1, showing a decrease by

15 ms−1 from its quiet time value. This result shows that the

AE recovery in these cases occurred (before the PRE devel-

opment) just in time for the associated over-shielding west-

ward electric field to prevail close enough to affect, in anti

phase, the growth of the eastward electric field enhancement

that characterize the PRE development. The possibility of a

disturbance dynamo electric field, also directed westward at

this local time, contributing negatively to the PRE vertical

drift can be practically ruled out in this case, since we note

that the Sym-H value that preceded the sunset hours (of the

order of 25 nT) did not represent disturbances intense enough

to produce such an electric field.
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Figure 6. The variations in the mean of the superposed values based

on 18 days of Vz data over Fortaleza and the corresponding mag-

netic indices during the periods October, November and Decem-

ber 2003 in: (1) the Sym-H/Dst (a), (2) the AE index (b), and the

vertical drift Vz as mean of 18 days (red curve) and mean of 10 quiet

days (blue curve) (c).

3 Discussion and conclusions

The PRE vertical drift is known to be the most basic require-

ment for the initiation of the post-sunset R–T instability pro-

cess leading to development of the equatorial plasma bub-

ble/spread F irregularities. Vertical drift enhancements that

may occur later in the night are also key (in varying de-

grees) for such irregularity developments. Therefore a de-

tailed understanding of the sources contributing to the day-

to-day variability in the nighttime vertical drift, and in the

PRE in particular, is an important requirement for improving

our knowledge on the day-to-day or short-term variability of

the ESF/EPB irregularities. The PRE vertical drift can suf-

fer modification during “quiet” as well as magnetically dis-

turbed conditions. The modifications that occur under mag-

netic quiet conditions are mainly due to vertical (dynamic

and electro-dynamic) coupling processes involving upward

propagating atmospheric waves, such as the planetary/Kelvin

waves through their modulation of the tidal wind modes

whereby the E layer winds can modify the longitudinal gradi-

ent in the E layer conductivity at sunset that in turn may con-

trol the amplitude and phase of the PRE vertical drift (see,

for example, Abdu et al., 2006). Under magnetic quiet con-
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dition the PRE vertical drift and the ESF development can

suffer modification also during stratospheric warming events

(de Paula et al., 2015; Lijo et al., 2017). The variability in

PRE (and associated ESF) that we discuss here concerns

magnetic disturbance conditions. Such disturbances include

magnetic storms of wide-ranging intensities, from weak to

moderate, to intense, to severe and to super storms. A few

papers have discussed the responses of the PRE (and ESF) to

such storm time disturbances (e.g., Abdu et al., 2003, 2009;

Martinis et al., 2005; Ckakrabarty et al., 2006; Li et al., 2009;

Tulasi Ram et al., 2015; Joshi et al., 2016). The cases of PRE

responses to disturbance electric field that we discuss here

are mainly those concerning very weak or non-storm con-

ditions, being based mainly on the AE variation preceding/

surrounding the PRE that may or may not be accompanied

by any significant disturbances in Sym-H. (Only one case of

an intense storm was discussed to show how the PRE ver-

tical drift enhancement by under-shielding PPEF can gain

intensity with increasing intensity of the magnetic distur-

bance.) The occurrence of low-intensity disturbances is ex-

pected to be quite frequent, much more than that of higher-

intensity disturbances. For example, it is known (see Abdu,

2012) that manifestation of penetration electric fields can be

observed over the equator (in the form of EEJ plasma irreg-

ularity development) for AE activities of intensity of the or-

der of 100 nT (and higher), and the occurrence statistics of

disturbances of such intensity during 17:00–20:00 local time

interval (relevant to the PRE) can vary on average from 20 %

of the days during low solar flux epoch to 60 % of the days

during high solar flux epoch (in the Brazilian longitude). It is

not clear from the present analysis what could be the mini-

mum threshold level of the AE activity (as an indicator of the

PPEF) that can impact the PRE development. Such a thresh-

old level is expected to also be longitude dependent, based

on the local time/longitude variation in PPEF induced ver-

tical drift obtained from analysis of ROCSAT data by Fejer

et al. (2008). The model by Fejer et al. (2008) showed that

the largest positive and negative vertical drifts (zonal pene-

tration electric field) occurred after sunset and before sun-

rise, respectively, suggesting the influence of E layer con-

ductivity longitudinal gradient in the intensity of the PPEF.

The smallest positive vertical drift was found to be occur-

ring during 15:00–17:00 LT, which, as we may note in Fig. 6,

corresponds to the hours of the AE activity that contributed

to the over-shielding electric field that suppressed the PRE

vertical drift. During this local time window the required

threshold level for AE activity to cause a given PPEF inten-

sity could be higher than at other local times. Even so, we

note in the statistical result in Fig. 6 that 18 cases of over-

shielding effects occurred in a period of 3 months (October–

December 2003), which corresponds to 20 % of the days.

Therefore it appears that the occurrences of over-shielding

electric field indicated by the cases of AE recovery (with in-

expressive changes in Sym-H variations as can be noted in

the top panel of Fig. 6) may constitute an important com-

ponent of the short-term variability in the PRE. It may be

pointed out that the cases analyzed in Fig. 6 were selected

taking care to avoid the possibility of the simultaneous pres-

ence of disturbance dynamo electric field in suppressing the

PRE vertical drift, that is, avoiding cases of longer duration

(and moderate to high intensity) activity preceding the sun-

set. It should be commented here that with the increase in the

AE activity, in terms of the intensity and duration, the contri-

bution arising from the disturbance dynamo electric field to

the EPB variability should increase also (e.g., Carter et al.,

2014b).

Another notable aspect of the disturbance electric field im-

pact on PRE concerns that indicated by AE intensifications,

whether being part of storm/substorm developments or other-

wise, occurring near sunset, when under-shielding PPEF of

eastward electric field may cause enhancement in the PRE

vertical drift (an example being the case on 14 October in

Fig. 5b). Further, the examples presented in Figs. 1, 2 and 3

are unique in the sense that the evening Bz southward turn-

ing accompanied by AE intensification and Dst decreases oc-

curred at nearly the same local time (18:00 LT), with a sys-

tematic increase in the intensity of the events on three con-

secutive days. The systematic increase in the intensity of the

disturbances produced correspondingly increasing intensity

of the PPEF, being 0.3, 0.4 and 1.8 mVm−1 on the consecu-

tive evenings. However, as indicated by the rapid fluctuations

in the AE that preceded the enhancements in the PRE verti-

cal drifts (in some cases), it is not possible to quantify the

relationship between the PPEF intensity (measured by its ef-

fect on PRE) and the AE index, or the Bz, based only on the

three cases. From the present data we can only verify a gross

positive relationship between them.

A slightly different (but complementary) picture emerged

from the plots in Fig. 4. Here, on 13 October, the PRE ver-

tical drift peak occurred in the presence of a large and rapid

enhancement in AE (under Bz south) accompanied by Sym-

H decrease, which suggested the presence of PPEF of east-

ward polarity. However, a consequent enhancement in the

PRE vertical drift did not occur; in fact the peak drift ve-

locity was less by 10 ms−1 compared to the quiet time PRE

peak of the previous evening. The F layer heights around

16:00–17:00 LT (just before the PRE development) on this

day (13 October) was lower than the corresponding values on

the previous day by around 80 km, with the associated verti-

cal drift values also being smaller. This lower values are the

result of the combined effects of the over-shielding westward

electric field due to the immediately preceding AE/Sym-H

recovery as well as by a disturbance dynamo electric field

(also westward) as might be expected from the longer dura-

tion of the preceding AE activity (pointed out in Sect. 2.1).

By the time the PRE vertical drift attained the peak (at

∼ 18:15 LT) the over-shielding electric field was no longer

present, so that the observed drift peak could be the net result

of competing influences from the PPEF and DDEF of oppos-

ing polarities (see for example, Maruyama et al., 2005). This
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result, thus, demonstrates the need to consider the AE/Sym-

H activity history immediately prior to and during a period

of (at least) several hours prior to the sunset in order to eval-

uate the PRE development in response to an under-shielding

electric field arising from a substorm development occurring

in the sunset sector.

An important question concerns the EPB/ESF response to

the PRE modified by the disturbance electric field. We may

note in Fig. 4 that on 13 October spread F occurred when

the PRE vertical drift was at its peak, as it did on the previ-

ous day that was a quiet day. A similar sequence of spread F

onset close to the PRE peak can be noticed also in Figs. 2

and 3. It is not clear how the details of the SF characteris-

tics, such as the growth rate and intensity etc., could vary in

these different cases. We may note, however, that the SF in-

tensity growth rate over Sao Luis, (as judged from the rate

at which the fop values increased from its onset) was visibly

slower on the quiet day of 14 September (Fig. 2) with the

PRE peaking at 28 ms−1 as compared to the next evening

when the PRE vertical drift increased faster to reach its peak

value of 40 ms−1, under the influence of a PPEF. This was

accompanied by a more rapid growth in SF intensity (com-

pared to the previous evening). The consistency of such a

trend appears to be clear in the remaining cases extending to

Fig. 3. We may note further that on 9 November (in Fig. 5a)

when the PRE vertical drift was limited to ∼ 10 ms−1, due

to an over-shielding westward electric field, the post-sunset

spread F did not develop, whereas it did occur on 8 Novem-

ber (a quiet day) with PRE peaking at ∼ 30 ms−1. We further

note in Fig. 5b that the post-sunset spread F occurred in the

evenings of both 14 and 15 October even though the PRE

vertical drift peaks were widely different on these days, be-

ing 50 and 25 ms−1, respectively. In the limited samples ana-

lyzed here the minimum value of Vzp for which SF occurred

was ∼ 20 ms−1. Although the close relationship between the

PRE vertical drift and SF development is a well-established

fact, a quantitative evaluation of this relationship is not pos-

sible without also considering the role of the instability seed

perturbation in terms of its amplitude and phase in any given

case (see, for example, Abdu et al., 2009). Such a study re-

quires more detailed data analysis supported by modeling,

which is beyond the scope of this paper.

The main conclusions from the present study can be sum-

marized as follows. (1) The equatorial evening prereversal

enhancement in zonal electric field/vertical drift velocity can

suffer large modifications due to penetration electric field as-

sociated with magnetic disturbances occurring in the sun-

set sector, or due to disturbance dynamo electric field aris-

ing from preexisting disturbances. (2) An under-shielding

electric field of eastward polarity associated with Bz turning

south with AE/Sym-H intensification occurring at the time of

the PRE development, can contribute to enhance the vertical

drift, often also with a time shift in the drift peak depending

upon the precise timing of the peak intensity of the PPEF.

(3) The amplitude of the PRE vertical drift increases with

increase in the intensity of the magnetic activity; however, a

quantification of the proportionality of this dependence is not

easily done due to the possibility of the simultaneous pres-

ence of opposing electric fields arising from the preceding

state of activity. (4) The PRE vertical drift can be weakened,

or suppressed (partially or totally) by over-shielding electric

field of westward polarity arising from Bz turning north with

AE/Sym-H recovery taking place immediately prior to the

PRE development; the probability of such occurrences be-

ing about 20 % of the evenings during a period of 3 months

analyzed here. (5) The DDEF and/or over-shielding elec-

tric field, both of westward polarity, if present near sunset,

can set back the response of the PRE vertical drift to an

under-shielding eastward electric field. (6) ESF/EPB devel-

opment can be expedited by PRE enhancement due to under-

shielding electric field, and its onset time can be advanced, or

delayed, with respect its normal quiet time occurrence time

depending upon the phase of the PPEF modifying the verti-

cal drift. (7) ESF/EPB can be suppressed through the PRE

weakening by an over-shielding or disturbance dynamo elec-

tric field arising from sub-storm/storm activity that prevailed

before sunset. Quantitative evaluations of these effects will

require considerations of other factors, such as the character-

istics of the gravity wave seeding, as well.
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