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[1] Equatorial ionospheric plasma bubble irregularity development and dynamics during
the major magnetospheric storm of 26 August 1998 are investigated using the data
collected by a multistation and multi-instrument diagnostic network operated at
equatorial and low latitude sites in Brazil, and auroral electrojet activity (AU/AL), IMF,
and Dst indices. A magnetospheric disturbance onset in the morning of 26 August 1998
was initiated by a solar wind shock and associated IMF Bz polarity reversals and ssc
that were soon followed by a succession of substorm-like auroral electrojet (AE)
intensifications and Dst development. An IMF Bz southward turning and associated AE
intensifications in the Brazilian dusk sector produced intense prompt penetration
eastward electric field that caused large F region vertical drift and consequently the
developments of intense postsunset equatorial anomaly and a series of intense plasma
bubbles, the latter event lasting the entire night, as observed by digital ionosondes at
São Luı́s (2.33�S, 315.8�E, dip angle: �.5�) and Fortaleza (3.9�S, 321.55�W, dip angle:
�9�) and an all-sky imager, two scanning photometers, and a Digisonde at the low-
latitude site Cachoeira Paulista (22.6�S, 315�E; dip angle: �28�). A notable aspect of
the dynamics of the bubbles was their initially very low eastward drift velocity which
turned into steadily increasing westward velocity that lasted till early morning hours.
The results show for the first time a relationship between the zonal drift velocities of
optically observed large-scale bubbles (tens to hundreds of kilometers) and that of the
smaller scale (kilometer sizes) structures as observed by a digital ionosonde. The results
point to the dominant role of a disturbance dynamo associated westward thermospheric
wind to maintain the plasma irregularity drift increasingly westward going into
postmidnight hours. As an important finding, the results further show that significant
contribution to the westward plasma bubble irregularity drift, normally attributed to
disturbance dynamo effect, could arise from prompt penetration disturbance zonal
electric field, in the course of a disturbance sequence lasting several hours. Such effect
is attributed to Hall electric field arising from the primary disturbance zonal electric
field, under enhanced nighttime ionospheric conductivities produced possibly by storm
associated particle precipitation, in the Brazilian longitude sector in agreement with
recent evidences [Abdu et al., 1998b]. INDEX TERMS: 2415 Ionosphere: Equatorial ionosphere;
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1. Introduction

[2] The equatorial ionosphere-thermosphere system is
known to undergo significant modifications during magne-
tospheric disturbances. They arise from (1) prompt penetra-
tion of magnetospheric electric fields to equatorial latitudes
under varying phases of a disturbance sequence, (2) delayed
electric field due to disturbance dynamo arising from a
perturbed thermospheric global circulation system driven by
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storm energy input and the resulting Joule heating of the
high-latitude I-T (ionosphere-thermosphere) system, and
(3) disturbance thermospheric winds at low latitudes asso-
ciated with item 2. The prompt penetration electric fields
could arise from the different storm phases: interplanetary
magnetic field polarity changes, sudden storm commence-
ments, direct penetration of interplanetary electric field, the
DP 2 fluctuations, substorm onset, growth and recovery
phases (that is, increases and decreases in polar cap poten-
tial drop), and ring current development and decay [see,
e.g., Abdu et al., 1995, 1998a; Fejer and Scherliess, 1995;
Gonzales et al., 1983; Kelley et al., 2003; Kikuchi et al.,
1996; Sastri et al., 2002; Sobral et al., 1997]. Depending
upon the specific storm phase, the duration of these ‘‘tran-
sient’’ events could last from a few minutes to a few hours.
On the other hand, the disturbance dynamo electric field
that occurs with several hours of time delay with respect to
the magnetospheric disturbance onset [Blanc and Rich-
mond, 1980] could last much longer, of the order of a day
or more [Abdu et al., 1997; Scherliess and Fejer, 1997].
Similar durations could apply also to the disturbance
associated thermospheric winds [Abdu et al., 1995, 1997].
[3] For isolated and short duration magnetospheric dis-

turbances the different phases of the response features can
be rather clearly identified, while such identification is a
complex task for disturbances of longer duration for which
superimposed response phases could occur. Specific studies
have focused attention on the key parameters, such as
electric field, plasma drift, wind or one of the major
phenomena of the equatorial ionosphere [Abdu et al.,
1991, 1998a, 1998b; S. Basu et al., 2001; Fejer and
Scherliess, 1997; Forbes et al., 1995]. Ionospheric response
from space weather perspective has recently been addressed
by Su. Basu et al. [2001].
[4] Plasma bubble irregularity development and evolu-

tion under disturbance electric fields and winds are of
particular interest in the context of improving our under-
standing of the circumstances of their occurrences under
predictable geophysical and space weather conditions.
Regarding disturbance electric fields, much of the inves-
tigations conducted so far concern zonal electric field, that
is, vertical plasma drift [see, e.g., Fejer, 1997], whereas
limited studies have been conducted on the disturbance
behavior of vertical electric field, that is, zonal plasma
drift [Abdu et al., 1985, 1998b; S. Basu et al., 2001]. F
region plasma/bubble irregularity zonal drifts measured by
spaced receivers have been used as reliable indicator of the
background plasma drift [Abdu et al., 1985; Valladares et
al., 1996]. Also little-known are the features of perturbed
thermospheric wind in their meridional and zonal compo-
nents that are known to influence the conditions of plasma
bubble development and dynamics. Regarding the night-
time zonal plasma drift, while it is driven mainly by
thermospheric wind dynamo electric field of the F region
that is decoupled from the E region, its responses under
disturbed conditions could be conditioned by disturbance
thermospheric wind as well as by externally imposed
disturbance electric field possibly coupled with en-
hanced/modified nighttime E layer conductivity, as we
shall be discussing in this paper.
[5] A recent study by Abdu et al. [1998b] on drift

velocities measured by a digital ionosonde over Fortaleza

showed that fluctuations in vertical plasma irregularity
drift under magnetically disturbed conditions were anti-
correlated with those in the zonal drift (that is, an upward
drift perturbation was associated with a westward drift
perturbation). Such correlation was explained as resulting
from the role of a Hall electric field produced by the
externally imposed (prompt penetration) zonal electric
field, under enhanced nighttime E layer conductivity,
such as that associated with enhanced particle precipita-
tion in the South Atlantic Magnetic Anomaly region.
Other sources, such as sporadic E layers that could
contribute to the field line integrated conductivities, could
also influence the generation the Hall electric field.
Further evidence in support of such processes will be
presented in this paper. A case study is presented here of
the evolution and dynamics of a plasma bubble event that
was initiated by prompt penetration of magnetospheric
electric field to equatorial ionosphere that was under the
influence of disturbance dynamo. The initial slow east-
ward drift of the bubbles turned to steadily increasing
westward drift which prevailed through the rest of the
night. This result provides evidence on the possible role
of a disturbance westward thermospheric wind on the
dynamics of the plasma bubbles. Fluctuating drift super-
posed on a mean westward drift is suggested to indicate
the role of a Hall electric field produced by a fluctuating
primary zonal disturbance electric field originating from
the AE activity. The study is based on simultaneous data
collected by a Digisonde located at the magnetic equato-
rial station São Luı́s (SL), a CADI (Canadian Digital
Ionosonde) and a magnetometer located at Fortaleza (Fz),
and a Digisonde, a 630 nm all-sky imager and two
angular scan 630 nm photometers all operated at the
low latitude location Cachoeira Paulista (CP).

2. Results

[6] An ssc, associated with IMF Bz changes, marked the
onset of a magnetic disturbances at �0650 UT on 26 Au-
gust 1998, as shown by its signatures in the AU/AL
indices, the Dst indices, and the local magnetogram H
component in Figure 1. The disturbance evolution during
the following 30 hours is shown in this figure. The H
component is for the Eusébio site (3.9�S, 321.15�E, dip
angle: �9�), close to Fortaleza. The 4-min resolution IMF
Bz component measured by the ACE spacecraft located at
L1 point is plotted with a time delay of 36 min, which
corresponds to the estimated convection delay from ACE
to the magnetosphere at the measured solar wind speed of
�700 km/s. A Bz southward turning at �0945 UT
(indicted by the vertical line 1), seems to be responsible
for a series of substorms and the main phase Dst decrease
that started at �1000 UT (second and fourth panels). The
equatorial electrojet was almost totally inhibited on this
day, as indicated by the H-component variations over
Huancayo as well as by the absence of any 50 MHz
VHF backscatter radar echoes from electrojet over São
Luı́s (2.33�S, 315.8�E, dip angle: �0.5�) (not shown here).
The F layer vertical drift (Vz), obtained from the Digi-
sonde over São Luı́s, as the mean of d(hF)/dt values
calculated from 3 to 9 MHz, is presented in the third
panel of Figure 1. It shows large increase in its postsunset
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(prereversal) enhancement as compared with the previous
evening (Figure 2). (It should be pointed out here that
under daytime conditions the d(hF)/dt is not a reliable
indicator of vertical plasma drift when the layer height is
dominantly controlled by photochemistry). The subsequent
nighttime Vz variation is well correlated to the AE activity
phases in good agreement with the modeling and obser-
vational results [Fejer and Scherliess, 1995; Spiro et al.,
1988]. Figure 2 shows (in the top and middle panels) plots
of plasma frequency isolines obtained from the Digisonde
ARTIST (Automatic Real Time Ionogram Scaling and
True height) software and (in the bottom panel) the f0F2
and hmF2 variations over São Luı́s and Cachoeira Paulista.
The lower section of the top panel shows the Vz variation
over São Luı́s (the same as in Figure 1). A comparison of
the f0F2 variations at the two stations shows that the
daytime equatorial ionization anomaly (EIA) which was
well developed on 25 August (a relatively quiet day) is
almost totally inhibited on the 26th except for a short
duration f0F2 enhancement over CP around 1500 UT
which appears to be caused by a surge of intense equa-

torward wind [Pincheira et al., 2002], as inferred from the
notable F layer height increase at this time over CP that
was absent over SL. The presence of a westward electric
field responsible for the EIA inhibition during much of the
daytime (0700–1400 LT or 1000–1700 UT)) of 26 August
is evident from the lower heights of the plasma frequency
isolines over São Luı́s as compared with their values of
25 August (top panel).
[7] An enhancement in eastward electric field in the

form of F layer height increase is evident from �1700 UT
onward on 26 August (in comparison to 25 August) over
São Luı́s in Figure 2 (top panel). Then a significant
intensification in the eastward electric field occurred in
the dusk sector, starting at �2130 UT (1830 LT), which
seems to follow an IMF Bz southward turning and
associated AU/AL increase indicated by the dotted line 2
in Figure 1. This large increase of F layer height due to
disturbance eastward electric field in the dusk sector is
similar to such effects previously reported by Batista et
al. [1991] and Abdu et al. [1995]. This was promptly
followed by a strong intensification of the EIA as seen in

Figure 1. The panels in descending order show the disturbance sequences in the IMF Bz, auroral
activity indices AU/AL, the F region vertical drift calculated as d(hF)/dt (here presented as the mean
values corresponding to the sounding frequencies covering 3–9 MHz), the Dst, and local magnetic field
H component variation during 26–27 August 1998. The onsets of an ssc at �0650 UTwith the associated
signatures in the IMF Bz and AU/AL are indicated. The shaded bar (bottom panel) represents the plasma
bubble observation period (interval starting with the equatorial F layer uplift) reported here. The dotted
vertical lines indicate (line 1) the first major Bz southward turning that preceded the major AE events,
(line 2) the Bz southward turning that seems to have caused the evening PP eastward electric field, (line 3)
a minor southward increase of Bz, and (line 4) a major Bz southward turning that seems to have preceded
the postmidnight bubble event.
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the large increase of f0F2 over CP with its decrease over São
Luı́s. (A time delay by �2 hours in the EIA response to the
electric field increase can be noted here as was previously
pointed out by Abdu et al. [1991]). The enhanced EIA seems
to have continued (although with varying intensity) till the
morning hours of 27 August under the conditions of repeated
AU/AL intensification and associated Vz variation. Although
disturbance dynamo electric field is expected to be present
throughout this night the correlated variations, with the
expected phase relationship, between the Vz and AU/AL
would highlight the role of a PP electric field as being an
important control factor during the entire period. The F layer
heights over Cachoeira Paulista are also highly perturbed on
the night of 26–27 August in ways that would suggest the
influence of a disturbance meridional wind that is superposed
on the effects from disturbance zonal electric field [Pincheira
et al., 2002].
[8] It is to be noted that the amplitude of the evening F

layer height increase associated with the prereversal east-
ward electric field enhancement on the day 25 is �20 m/s
which is typical for the month of August and, generally,

insufficient to cause generation of spread F irregularities in
the Brazilian longitude sector [Abdu et al., 1981a]. In
contrast, the increased Vz and the corresponding large F
layer height increase of 26 August arise from the super-
position, over the background electric field pattern, of
the prompt penetration electric field associated with the
auroral electrojet intensification, which occurred in the
dusk sector [see also Abdu et al., 1995; Fejer and
Scherliess, 1995]. If a disturbance dynamo effect in
suppressing the PRE were present on this evening as is
expected [e.g., Abdu et al., 2003], then the observed
evening increase of the Vz could be primarily arising from
the PP electric field arising from the AE increase that
occurred at this time (see Figure 1). The resulting F layer
vertical drift velocity that reached �40 m/s, with the
associated height rise, was responsible for the EIA
enhancement just discussed above. It was also responsible
for the generation of a series of plasma bubbles whose
onset was first observed as range spread F in the ionogram
at 2200 UT (1900 LT) over the equatorial station São Luı́s
which is shown in Figure 3 (top panel). The subsequent

Figure 2. The iso lines of plasma frequencies starting at 1 MHz and increasing in steps of 0.5 MHz up
to the height of the F layer peak electron density (hmF2, also shown), and the F region vertical drift (as in
Figure 1) over São Luı́s (top panel), the iso lines of plasma frequencies and hmF2 over Cachoeira Paulista
(middle panel), and the hmF2 (repeated) and the F layer peak electron density represented by f0F2 over
the same two locations (the bottom panel). See color version of this figure in the HTML.
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growth of the bubble is evident in the increasing range
spread of the traces observed in the successive ionograms
taken at 15-min intervals. The vertical growth of the
bubble to apex altitudes (>�800 km) of the field lines
that map the irregularities down to the bottom-side F layer
over Cachoeira Paulista is marked by the occurrence of
range spread F starting at 2340 UT (2040 LT) in the
ionograms taken at 10-min resolution, shown in Figure 3
(bottom panel). The vertical rise velocity for the initial

bubbles, based on the time delay in their range spread F
manifestation over CP comes out to be approximately
80 m/s, which is within the limits of vertical bubble
velocities measured by radars [see, e.g., Tsunoda, 1981]
and previous ionosonde diagnostics [Abdu et al., 1983]. It
is important to note that the bubble development occurred
even in the presence of strong sporadic E layers over
Cachoeira Paulista that lasted till past midnight [see also
Bowman and Mortimer, 2003]. Such Es layers are auroral

Figure 3. Ionograms over SL and CP showing the range type spread F traces that indicate presence of
plasma bubbles over the two locations. The onsets of the bubble event are seen at 2200:05 UT (1900:05 LT)
over SL and at 2340:05 UT (2040:05 LT) over CP. See color version of this figure in the HTML.
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type (a-type), showing range-spreading echoes that are
known to occur over this location in association with
magnetic disturbances. They have been shown to be
produced by enhanced particle precipitation in the region
of South Atlantic Magnetic Anomaly by Batista and Abdu
[1977] and Abdu et al. [1981a]. We will show that this
aspect has important implications on the electrodynamics
of the plasma bubble irregularities.
[9] An all-sky imager at 630 nm at Cachoeira Paulista

operating at a resolution of �20 min (that is, one image
at every �20 min) registered the first airglow depletion
signature of these bubbles at 2056 LT, as shown in
Figure 4 (wherein the dark patches represent the airglow
depletion). The first four images (from 2056 to 2156)
show the continuing vertical development of the main
bubble structure (the right most depletion), from its
�1900 LT onset over the equator, that can be verified
from the increasing southward extension, with time, of
this depletion. On the other hand, a second depletion
branching away on the left side of this main one seems to
go through a weakening phase (showing retreat towards
equator) before its renewed vertical growth which pre-
vailed from 2231 to 2344 LT. In the images after 0116 LT
the depletions tend to merge with the low-background
airglow intensity. This low airglow intensity was appar-
ently caused by an equatorward wind surge and the
resulting large F layer height rise that peaked around
0130 LT (0430 UT) (as can be verified from the plots in
Figure 2) which caused low electron density in the
emission layer over CP. However, starting from �0300 LT
(0600 UT) a dominant airglow depletions was again
detected which continued through the last image taken
at 0439 LT (0739 UT). From an examination of the
Digisonde ionograms over São Luı́s at these times (not
shown here) and from the CADI plots (in Figure 7) it is
seen that this depletion corresponded to a renewed bubble
irregularity development. This bubble development seems
to be arising from an IMF Bz southward flip (near
0500 UT) and associated changes in substorm intensity
(identified by the vertical line 4 in Figure 1) and the F
layer height rise starting around 0200 LT (0500 UT) over
Fortaleza (Figure 7) and at São Luı́s (Figure 2). (It is not
clear what is the effect of a brief IMF Bz southward

increase and the associated AU/AL intensification identi-
fied by the vertical line 3). The vestige of this latter
bubble event was visible in the ionograms over São Luı́s,
Fortaleza, and Cachoeira Paulista till sunrise. It may be
noted that the airglow depletion patches in the initial
images of Figure 4 appeared to be going through very
slow eastward motion to stationary state till about 2326 LT
after which steadily moving westward, a feature that is
better demonstrated in the scanning photometer data to be
described below.
[10] Two angular scan 630 nm photometers [Sobral and

Abdu, 1991] monitored the airglow depletions over
Cachoeira Paulista in their two east-west scanning planes,
one tilted by 30� toward north and the other toward south of
the vertical. Each scan spanning an angular range of ±75�
was performed in �3 min with a return time of �1 min.
These scans thus represent two east-west cuts across the
depletion images of Figure 4 with a north-south separation
of 60 degrees in look angle centered on zenith (which
corresponds to a horizontal north-south separation of ap-
proximately 500 km at 300 km height). The results are
shown in Figure 5 as isointensity plots in east-west scanning
angle versus local time format for both the north and south
scanning planes. These plots allow us to follow clearly the
east-west displacement of the bubbles as a function of local
time. The initial longitudinally extended low-intensity
patches are perhaps the airglow precursor signatures for
the bubble development. Clearly defined bubble type deple-
tions are visible starting at approximately 2050 in the
northern and southern scanning planes but with more
numerous short living secondary bubbles being present in
the northern scanning plane. The smaller ones on the
western side of the meridian plane (0� in the figure) as well
as the main depletion that developed �20� east of the
station appear to have a small eastward drift till around
2300 LT. The main depletion then on drifted westward,
steadily increasing in velocity. The westward displacement
is visible till the depletion merged with the low-airglow
background intensity that resulted from an up lift of the
layer due to an equatorward wind which occurred around
0130 LT (as stated before). The second bubble event that
developed near 0300 LT also drifted west with still larger
velocity. Figure 6 presents the local time variation of the

Figure 4. Sequence of 630 nm all-sky images of plasma depletions taken at �20 min intervals over CP.
The images have the north upward and the east is at left.
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Figure 5. East-west scans of 630 nm airglow intensity as a function of LT, obtained by two angular
scanning photometers operated using scanning planes tilted to 30�S and 30�N with respect to vertical.
Zonal displacement of the depletions may be noted in the two planes. See color version of this figure in
the HTML.

Figure 6. Zonal velocity of the airglow depletions of Figures 4 and 5 plotted versus local time together
with the variations in magnetic field H component over Eusebio.
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zonal drift velocity of the main depletion, dotted lines
showing the north and south plane velocities and the solid
line representing their mean values. The progressive in-
crease of the westward velocity of the depletion may be
noted. The lower panel of the Figure 6 shows the H-
component magnetic field variation over Eusebio. It is
interesting to note that there are fluctuations in the zonal
bubble velocity that would appear to be related to the
fluctuations in the magnetic field. (We will come back to
this point).

3. Discussion

[11] The normal spread F season for the Brazilian longi-
tude sector is from September to March with a broad
maximum in occurrence centered on December month
[Abdu et al., 1981b]. Cases of infrequent range spread F
occurrence outside the season of its normal occurrence over
Brazil was investigated by Sastri et al. [1997], who showed
a high probability of their being associated with magneti-
cally disturbed conditions. The event discussed here corre-
sponds to an ESF/plasma bubble occurrence during a period
of transition. Based on the statistics on many nights previ-
ous to 26 August, it is very unlikely that range spread F and
associated plasma depletions on this night would have
occurred but for the large uplift of the F layer produced
by the superposition of a magnetospheric disturbance east-
ward electric field on an otherwise low evening prereversal
zonal electric field/vertical drift velocity enhancement,
typical for this epoch, that was possibly further inhibited
by a disturbance dynamo effect. It is interesting to note here
that the disturbance electric field induced bubble occurrence
(at �1900 LT) coincided in time with its normal post sunset
occurrence.
[12] The range spread F onset time over Cachoeira

Paulista is at 2040 LT (2340 UT) in the 10-min resolution
ionogram which is close to the first sighting of the
airglow depletion in the optical data (Figures 4 and 5).
Since the depletions did not show appreciable zonal drift
velocity at this early time of its development the time
delay for the onset over Cachoeira Paulista with respect
to that over São Luı́s represents the vertical development
(rise) velocity, under east-west polarization electric field,
of the major depletions. This velocity comes out to be
�80 ms�1 as stated before, which is consistent with the
southward propagation velocity (or equivalently the ver-
tical velocity in the equatorial plane) of the major
depletion edge in the sequence of images from 2056 to
2213 LT in Figure 4.
[13] An important aspect of the ambient conditions of this

bubble event is that soon after the onset of the main phase
decrease of the H-component (Figure 1), blanketing and
auroral type (a-type) sporadic E layers were observed over
Cachoeira Paulista. Starting as a weak event in the iono-
gram at 1730 UT (1430 LT) the Es layer got intensified
persisting till �0400 UT (0100 LT). A part of this Es layer
development sequence can be verified in the inograms in the
lower section of Figure 3 (lower panel). It has been shown
earlier [Abdu et al., 1981a; Batista and Abdu, 1977] that
such sporadic E layer occurrence over Cachoeira Paulista
under magnetically disturbed conditions could represent
enhanced ionization due to particle precipitation in the

South Atlantic Magnetic Anomaly (SAMA) region and that
its nonoccurrence may not always signify absence of
enhanced ionization under disturbed conditions. The en-
hanced E layer conductivity arising from this extra night-
time ionization could have possibly influenced the rise
velocity of bubble on this night. The interaction of the
conductivity enhancements and associated spatial gradients
produced by the enhanced (and localized) ion production on
the bubble electrodynamics, however, appears to be some-
what complicated.
[14] Starting from 5 to 8 hours from the initiation of

magnetospheric energy input in the auroral electrojet,
which in this case occurred in the morning of 26 August,
a disturbance dynamo electric field should be active over
low latitudes [Blanc and Richmond, 1980; Fejer and
Scherliess, 1995; Abdu et al., 1997]. This electric field
is westward during the day with its reversal to the
eastward night time electric field predicted to occur in
the evening around 2000–2200 LT [Blanc and Richmond,
1980; Fejer and Scherliess, 1995]. Although the model
calculations by Blanc and Richmond [1980] predicts weak
intensity for the westward DD field in the evening (before
2000 LT) the observational results from Jicamarca radar by
Fejer and Scherliess [1995] indicate large fluctuation
amplitudes for the disturbance vertical drift, thus suggest-
ing also the possibility of correspondingly large westward
DD fields in the evening hours. Such large fluctuation
amplitudes, we believe, could be arising from large vari-
ability in the amplitude of the disturbance (dynamo asso-
ciated) westward wind capable of inhibiting the eastward
wind-driven prereversal electric field that normally peaks
at these hours. Large amplitudes (hundreds of ms�1) of
disturbance westward wind at the Kp maximum phase of
the 22 March 1979 storm was observed during post sunset
hours (2230 LT) over equatorial latitudes from Satellite
Electrostatic Triaxial Accelerometer (SETA) Experiment
by Forbes et al. [1995]. (The velocity was more often
eastward at remaining phases of this storm, however).
Thus the post sunset eastward E-field enhancement that
produced the enhanced EIA and plasma bubble develop-
ments does indeed appear to be caused by a PP eastward
electric field acting in the presence of opposing influences
from a DD electric field (though week in intensity) and
associated westward winds. Cases of superposed DD and
PP electric fields in which the effect from the former
opposes the expected effect from the latter have been
previously reported by Abdu et al. [1997]. The circum-
stances here of the superposed occurrence in the dusk
sector of the PP electric fields and disturbance dynamo
effects appear similar to that reported recently by S. Basu
et al. [2001].
[15] During quiet conditions the bubble formation

occurs due to the evening F layer uplift by the prereversal
eastward electric field, which is generated by an eastward
thermospheric wind that also drives the ambient plasma
eastward, through the F layer dynamo [Rishbeth, 1971;
Heelis et al., 1974; Farley et al., 1986; Crain et al., 1993;
Eccles, 1998]. During its initial rapid upward growth the
bubble also drifts westward in the reference frame of the
eastward drifting ambient plasma, its zonal drift observed
in a corotating frame being still eastward [Tsunoda, 1981].
With the vertical extension and the weakening of the
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vertical polarization field, the bubble zonal drift, as
observed from ground, picks up velocity to approach that
of the ambient plasma and consequently to that of the
driving eastward neutral wind. Thus under normal con-
ditions we expect the bubble drift to present an eastward
acceleration during its growth phase to approach the
velocity of the ambient plasma and of the background
neutral wind which typically peaks around 150 ms�1 and
2100 LT [Fejer et al., 1981; Biondi et al., 1991; Abdu et
al., 1985; Sobral and Abdu, 1991; Basu et al., 1991;
Sahai et al., 1992]. Our observation of the depletion zonal
velocity (beginning at �2130 LT in Figures 4–6) seems to
have started after the early acceleration phase. The small
eastward velocity (�30 m/s) at the beginning of the
observation decreased and remained zero till �2230 LT.
The drift then turned westward steadily increasing in
velocity till presunrise hours. The course of this velocity
variation can be analyzed considering the different possi-
ble sources of the vertical electric field, responsible for the
ambient plasma zonal drift. The driving vertical electric
fields could arise from the following processes: (1) zonal
wind; during disturbed conditions, the storm energy input
at high latitudes produces a global scale disturbance
thermospheric circulation and the action of Coriolis force
imparts a westward momentum to this, resulting in west-
ward directed winds gaining importance at middle lati-
tudes [Blanc and Richmond, 1980; Richmond and Lu,
2000]. The westward winds seem to be present, at times,
even at equatorial latitudes as revealed by different types
of direct and indirect observations [Abdu et al., 1995;
Forbes et al., 1995]. The driving force of such a wind
could oppose that of the normal solar thermal tide induced
eastward wind, causing a reduced eastward wind or even a
net westward wind; (2) vertical Hall electric field arising
from disturbance zonal electric field, EEW, (as discussed by
Abdu et al. [1998b]) consisting of a disturbance dynamo
electric field, (EEWDD), and a prompt penetration electric
field, (EEWPP), whose polarity is dependent on the auroral
substorm phase; (3) divergence of horizontal currents,
arising from horizontal (zonal) gradients in E layer/lower
F region conductivities, giving rise to vertical electric
field, normally (under quiet conditions) important close
to dusk hours due to the EEJ current divergence as
explained by Haerendel et al. [1992]. Under the disturbed
circumstances of our present nighttime observations, hor-
izontal gradients in conductivity arising from extra ioni-
zation in the SAMA region mentioned above need to be
considered instead. In the absence of precise information
on the nature of the possible horizontal gradient in the
conductivities we will not discuss here the effects from
item 3. Instead we will attempt below to identify, based on
the measured parameters, the contributions from the items
1 and 2 to the disturbance zonal velocities. Thus the
driving vertical electric field can be approximated by the
following equation:

EV ffi �BUP
EW þ EEW �H=�P½ �; ð1Þ

where EEW = EEWDD + EEWPP. The first term on the right
side represents neutral wind dynamo, and UEW

P is field line
integrated conductivity weighted zonal wind. The first term
inside the bracket is Hall conduction term. �H and �P are

field line integrated Hall and Pedersen conductivities [see
Haerendel et al., 1992; Abdu et al., 1998b].
[16] On the night of 26–27 August, the eastward bubble

zonal velocity that was already small from the start of the
observation at �2030 LT (2330 UT) rapidly decreased to
zero and turned westward increasing in velocity thereafter
(Figure 6). The initial decreasing feature of the velocity
coincides in time with a decrease of eastward electric field
followed by westward field till �2300 LT (�0200 UT) as
seen in Figures 1 and 2. As per the second (Hall
conduction) term on the right side of equation (1), this
electric field variation should have caused an eastward
increase (or a westward decrease) of the zonal velocity.
The result in Figure 6 showing an exactly opposite
variation in the net zonal velocity could therefore point
to the dominant role of a westward disturbance wind (the
first term on the right side of equation (1)) in suppressing
the effect from a normally eastward blowing wind at these
times. (In fact a larger westward wind forcing than it
appears to show seems to be implicit in the net observed
zonal drift). The steady increase of the westward velocity
that characterized the rest of the night could imply (1) a
correspondingly steady increase of the driving westward
disturbance wind. Such an effect could as well be brought
about by the normally expected steady decrease in the
driving force of the eastward wind (expected to prevail at
these local times) even if the driving westward disturbance
wind remained nearly constant during this period. (2) The
observed increase of the westward velocity could also
involve a Hall drift contribution from an eastward DD
electric field expected to be present at these night hours.
However, the presence of such a DD electric field is not
identifiable in the observed zonal electric field variation
that is dominated by AE associated PP electric field
variations (see Figures 1 and 2). For the sake of brevity
of the discussion, although we recognize its possible
importance, we will not be considering further the role
of a DD zonal electric field in the observed zonal drift
variations. Thus we consider the possibility 1 to be a more
likely scenario. In this case the westward wind should
correspond at least to a forcing required to produce an
amplitude of the order of 100–150 ms�1 for the normal
eastward wind to be nearly cancelled out during the early
hours of the observation (when the eastward velocity was
	30 m/s). As mentioned earlier, large amplitudes
(hundreds of m/s) of cross track westward wind have been
observed in sun synchronous (2030 LT) satellite orbits in
the equatorial region by Forbes et al. [1995] that were
associated with large Kp increases. Thus the present
observation (that is, based on the bubble irregularity zonal
drift measurement) seems to show, though indirectly, that
magnetic disturbance associated thermospheric westward
wind lasting throughout the night could attain amplitudes
matching at least that of the quiet time thermospheric
eastward wind.
[17] The variable amplitude of the PP disturbance zonal

electric field (vertical drift) that persisted till the morning
hours of the 27th (as seen in Figures 1 and 2) could be
imposing correspondingly fluctuating Hall electric field
induced zonal drift as we shall discus below. An idea of
the amplitude of such fluctuation could be obtained from
knowledge of the variations in the ratio �H/�P. Under
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normal conditions nighttime values of this ratio are
expected to be significantly smaller than its typical value
of �2 for 1900 LT calculated by Haerendel et al. [1992].
However, enhanced E layer ionization by magnetic distur-
bance induced particle precipitation in the SAMA region, as
indicated by the presence of the significantly intense spo-
radic E layers (of a-type) that were present during the night
of 26–27, could cause significant increase in this ratio as
explained by Abdu et al. [1998b]. Fluctuations around unity
of this ratio can be easily accounted for using reasonable
assumption on the intensity of the extra ionization suggested
by the observed Es layers.
[18] What appears to be the most convincing indication of

the effect of Hall electric field, produced by prompt pene-
tration of magnetospheric zonal electric field, is provided by
the results in Figure 7. This figure shows in the top panel
the zonal drift of the plasma depletions (the mean velocity
of Figure 6), the irregularity zonal and vertical drifts
(middle two panels) and the virtual heights at 3 and

4 MHz (bottom panel), as measured over Fortaleza by a
CADI. The CADI utilizes the Doppler spectra of the
echoes received by spaced receivers to determine the zonal
velocity [Grant et al., 1995]. (The discontinuity of data
till �0200 UT is due to some interference in the CADI
reception). The zonal drift is observed to be steadily
westward till �0700 UT in optical data as well as in the
CADI results, which demonstrates that the plasma bubble
and associated irregularity westward drifts extend from
�300 km (over Fortaleza) up to �800 km (corresponding
to the CP F-layer field line apex height) over the equatorial
region. This result shows for the first time a relationship
between the zonal drift velocities of the optically observed
large-scale bubbles (tens to hundreds of kilometers) and that
of the smaller scale (kilometer sizes) structures as observed
here by CADI, and the fact of their representing different
height domains might suggest an approximate height struc-
ture for the ambient plasma zonal velocity. A notable aspect
of the CADI drift velocities is that the fluctuations in the

Figure 7. The zonal velocity of the depletions as per Figure 6 (top panel) compared with the irregularity
zonal drift (second panel) and vertical drift (third panel) and the virtual heights (bottom panel) at 3 and
4 MHz as observed by a CADI (Canadian Digital Ionosonde) operated at Fortaleza.
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zonal and vertical drifts are nearly anti correlated as is
evident till �0700 LT (1000 UT). (The drift results after
0500 LT (0800 UT) could be influenced somewhat by the
occurrence of an Es layer over Fortaleza followed by sunrise
effects, although the anticorrelation between the drift
velocities still appears to be present). Such anticorrelation
between the vertical and zonal velocities could arise from the
Hall conduction term of equation (1) as was shown by Abdu
et al. [1998b] (and probably also from the integrated
conductivity zonal gradient) based on a few case studies.
The fluctuations in these velocities seem to be related with
those in the AE indices in Figures 1, although such corre-
lation (in present results) is less clear than in some previous
case study results presented by Abdu et al. [1998b]. In any
case, the CADI drift results of Figure 7 provide an evidence
that the westward plasma bubble irregularity drift, that
occurs after a delay (>5–8 hours) from an auroral distur-
bance onset, could in fact contain a significant fluctuating
component of zonal drift arising from disturbance zonal
electric field, besides what looks like a steady/steadily
increasing drift arising dominantly from a disturbance west-
ward wind. In the present example the fluctuating zonal drift
seems to arise from prompt penetration electric field associ-
ated with the AE activity of the post midnight hours.
[19] The airglow depletions starting at �0300 LT

(0600 UT) seen in Figures 4 and 5 that represent newly
developed bubble event was caused by the F layer uplift
starting near 0200 LT (0500 UT), as seen in the 3 and 4 MHz
plasma frequency plots of CADI, over Fortaleza presented
in the bottom panel of Figure 7a (as well as over SL in
Figure 2). While the optical depletions of these bubbles
showed their westward velocity increasing with time, the
smaller (kilometer size) structures observed by the CADI
presented a decrease in the westward velocity, after 0600
UT. This could be due to the fact of the Hall drift
dominating the lower height region sampled by the CADI
at these times. As explained in the work of Abdu et al.
[1998b], the effects from Hall conduction (and perhaps the
conductivity spatial gradients) that contributes to the zonal
velocity fluctuations, could be helped by enhanced night
time ionization produced by sources such as particle pre-
cipitation in the south Atlantic Magnetic Anomaly (SAMA)
region [Greenspan et al., 1991; Batista and Abdu, 1977;
Abdu et al., 1981a] and possibly from the presence of
sporadic E layers not necessarily associated with particle
precipitation. In the present case, however, as pointed out
earlier, sporadic E layers presumably produced by enhanced
particle precipitation was present during most of the night. It
is possible that ionospheric conductivity modification under
magnetic storm conditions could occur even at longitude
sectors outside that of SAMA. It may be argued that a
fluctuating zonal wind could by itself produce a
corresponding fluctuation in the observed zonal drift. How-
ever, it should be noted that such a fluctuation of zonal drift
is unlikely to produce anticorrelated vertical drift fluctua-
tions such as are observed in the present case.

4. Conclusions

[20] A case study using multi-instrument and multistation
diagnostics has been presented of plasma bubble irregularity
initiation and development under magnetically disturbed

condition during a season of its less frequent occurrence.
The bubble event was initiated by prompt penetration to
equatorial latitude of magnetospheric electric field associ-
ated with substorm intensifications in the dusk sector, when
a disturbance dynamo is also expected to be active. The
onset and development of the plasma depletions were
monitored concurrently at magnetic equatorial and low-
latitude locations. The vertical rise velocity of a developing
bubble calculated from the time delay in the corresponding
range spread F occurrence sequences in equatorial and low-
latitude ionograms was found to be in agreement with that
obtained from the poleward (southward) displacement of
the airglow depletion edges as observed in an all-sky optical
imager. This result confirmed our previous contention based
on statistical analysis that the range spread F events ob-
served in the ionograms over a low-latitude station, such as
Cachoeira Paulista, does represent signatures of vertically
extended plasma bubbles over the equator. The effect of
sustained AE activity in the day sector was, in general, to
inhibit the equatorial anomaly development during daytime.
However equatorward neutral wind surges, possibly arising
from specific substorm intensification, could cause signifi-
cant density and height enhancements over the EIA crest
location. The penetration electric field of eastward polarity,
associated with the IMF Bz southward turning and the AE
activity in the dusk sector, was strong enough at equatorial
latitude to cause the development of an intense equatorial
ionization anomaly that persisted for most of the night. The
PP eastward electric field also initiated plasma bubble
generation, under the competing influences of disturbance
dynamo acting against the normal F layer dynamo respon-
sible for the pre reversal eastward electric field at these
hours. The bubble zonal drift velocity that usually traces
ambient plasma drift, and hence roughly the thermospheric
wind velocity (which is normally eastward at night), was
found to be initially eastward (but with significantly re-
duced velocity) and soon turning westward. The dominantly
westward plasma flow of the disturbed night was clearly
brought out by the zonal drift of a postmidnight bubble that
was also initiated by an eastward PP electric field originat-
ing from a southward flip of the IMF Bz. Westward
velocities steadily increasing towards pre sunrise hours were
observed in the topside (bubble structure) as well as in
bottomside (smaller-scale structure) plasma irregularities.
During the postmidnight hours the westward drift velocities
appeared to contain significant fluctuation component aris-
ing from the fluctuating PP electric field associated with the
ongoing AE activity. The zonal and vertical velocities of
the smaller scale structures (<kilometers) showed anti
correlated fluctuations (that is, the vertical upward drift
perturbations being associated with westward drift pertur-
bations) which suggested the role of Hall electric field as
their possible cause, in agreement with our previous find-
ings. The auroral type sporadic E layers that were present
during much of the night suggested the presence of en-
hanced particle precipitation in the SAMA region with the
resulting enhanced conductivity providing the source of
Hall electric field that can be induced by a primary
disturbance zonal PP electric field. This point, first sug-
gested in our previous study [Abdu et al., 1998b], is further
supported by the present results. A quantitative evaluation
of the contributions from different sources is made difficult
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because of the simultaneous presence of different driving
forces that control the bubble zonal velocity. However, work
is being pursued further to better quantify these results using
model values for the different control parameters such as
enhanced nighttime E layer conductivity, disturbance elec-
tric field, and winds.
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