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SPREAD F PLASMA BUBBLE VERTICAL RISE VELOCITIES DETERMINED
FROM SPACED IONOSONDE OBSERVATIONS

by

M.A. Abdu, R.T. de Medeiros, J.H.A. Sobral, J.A. Bittencourt

Abstract

Systematic time differences in the onsets of spread F
events in the ionograms are observed between the magnetic equatorial
station Fortaleza (425, 38%, dip latitude 1.89s) and the low
latitude station Cachoeira Paulista (23%, 45°W, dip latitude 14°S),
two stations in Brazil, located at close by magnetic meridional planes
(actually some 12° of magnetic Tongitude apart). On the assumption,
justified from different experimental observations, that the spread F
irregularities occur in strongly field aligned plasma bubbles that
extend several degrees on either side of the magnetic equator, and rise
up in vertically elongated columns over the magnetic equator, we have
related the observed time differences in the onsets of spread F events
at the two stations, to the plasma bubble vertical rise velocities over
the magnetic equator. The vertical rise velocities of the plasma bubble
so determined are found to be well within the values measured by VHF
radar and satellite techniques, and further show, at times, good
correlation with the amplitude of the prereversal peak in the vertical
drift velocities and the heights of the evening equatorial F-layer.
Possible implications of these results are discussed.



INTRODUCTION

Equatorial ionospheric spread F irregularities have been
investigated using HF ionosonde, VHF radars, satellite beacon
scintillation techniques, airglow photometers and in-situ measurements
from space vehicles. The meter scale size irregularities producing
plumes in the VHF backscatter radar maps, the decameter sizes that
give rise to the spread F echoes in the jonograms, and the hectometer
to kilometer sizes that produce VHF and UHF radio wave scintillation
are all known to coexist during,at least, the development phase of an
irregularity event (Farley et al., 1970; Woodman and La Hoz, 1976;
Morse et al., 1977: Basu et al., 1978; Rastogi and Woodman, 1978;
Tsunoda, 1980; Tsunoda and Towle, 1979; Aarons et al., 1980). Much of our
knowledge on the dynamical characteristics of these irregularities have
emerged from VHF radar studies. In particular, from measurements using
the ALTAIR VHF steerable radar Tsunoda (1980, 1981) and Tsunoda and
Towle (1979) have shown that these irregularities are colocated within
plasma density depletions or "bubbles" in the equatorial ionosphere
(Hanson and Sanatani,1973; McClure et al., 1977) that occur strongly
aligned along the magnetic flux tubes, extending several degrees to
either side of the magnetic equator. Further evidences on the field
aligned characteristics of the bubble and the associated irregularities
have been provided from the AE-C ion gensity measurements (McClure et
al., 1977), the observations of 6300 A and 7774 R airglow emission
patches (Weber et al., 1978, 1980; Moore and Weber,1981), the all sky
images and scanning measurements of 6300 R emission {Mendillo and
Baumgardner, 1982 Sobral et al. 1980a, 1980b), topside sounder results
(Dyson and Benson, 1978) and multistation scintillation measurements
(Aarons et al., 1980).

The irregularities are generated in the equatorial
jonosphere following the rapid rise of the evening F-layer (Farley et
al., 1970) associated with the pre-reversal enhacement in the F-region
bulk plasma vertical drift (Fejer et al., 1979, Woodman, 19703 Abdu et
al., 1982a).With the resulting large heights, the steep gradient region



of the bottomside F-layer gets into conditions propitious for different
irregularity generation mechanisms to operate.

The present consensus on the generation mechanism of the
plasma bubbles is that they are generated primarily through the
Rayleigh-Taylor plasma instability mechanism originally suggested by
Dungey (1956) and elaborated by Haerendel (1973) and Balsley et al.
(1972), and also by the gradient drift (ExB) instability process
(Reid, 1968) operating on fonization perturbations, introduced by a
seeding mechanism, at the bottomside electron density gradient region.
The steep ionization gradients that develop with the formation of a
bubble, subsequently provide conditions favourable for secondary plasma
instability processes to operate, leading to the generation of smaller
and smaller size jrregularities, as described by Haerendel (1973).
Begining with the generation and growth phase, the bubbie nonlinearly
rises up by polarization ExB motion, and also drifts (mostly) westward
relative to the ambient ionosphere. The associated velocities (especially
the upward component) determined from numerical simulation of the
Rayleigh-Taylor mechanism (Scannapieco and Ossakow, 1976; Ossakow et
al.,1979) have been found to be in agreement with the velocities
observed by VHF radar (Woodman and La Hoz, 1976; Tsunoda, 1980, 1981)
and by the retarding potential analyzer on board tha AE-C satellite
{McClure et al., 1977), which are of the order of 150 m s™* upward and
60 m s™* westward with large variations around these values. From
numerical simulation based on the field line integrated quantities of
Pedersen conductivity and ion density gradients, Anderson and Haerendel
(1979) have shown that the bubble rise velocities are strongly dependent
on the F-region ambient east-west electric field.

Radar mapping of the two-dimensional shape of the plasma
bubbles in the equatorial plane transverse to the magnetic field has
been carried out by Tsunoda (1981) and Tsunoda et al. (1982). They
have shown that the plasma bubbles are vertically elongated depletions
that extend upward from the bottomside of the F-layer in the form of
wedges, and having well defined "head" and '"neck" regions. Further they



develop with their axes of depletions tilted somewhat westward of the
vertical. The rise velocities were found to vary from75 to 350 m st
(Tsunoda, 1981). As the field-aligned plasma bubble and associated
irregularities rise in the equatorial jonosphere, the low latitude
extremities of the bubble should propagate away from the equator in
such a way that the upper height 1imit of the irregularities would
define also the latitudinal Timit of the irregularity occurrence
associated with a given event. Thus the occurrence of spread F events
over a low latitude station in the early hours of the post-sunset
period could be produced by the poleward passage of the low latitude
footprint of the head region of a developing bubble. Poieward
propagating 6300 R airglow depletion patches observed (especially in
the early hours of the post sunset period) over Cachoeira Paulista by
meridional scan photometers Gobral et al., 1980a, 1980b; Nakamura et
al., 1982) were found to be consistent with this picture of the plasma
bubble dynamics. (It should be pointed out, however,that the Tow latitude
spread F observed at Tater hours of the post sunset period could be
caused also by the eastward passages of the neck regions of north-
-south elongated and westward tilted depletion patches corresponding
to the plasma bubble generations that took place at longitudes well
westward of that of the ionosonde. These cases will be exciuded from
considerations here since only the first onsets in the early sunset
hours are analyzed).

Therefore, a certain time delay could be expected in the
onset of the spread F events over a low latitude station with respect
to that over an equatorial station, located in close by magnetic
meridional planes, in proportion to the time plasma bubbles take to
extend upward from the bottomside F-region over the magnetic equator
to the apex of the field line thatmeets the subpeak F-region over the
low latitude station. Systematic time differences in the Tocal times
of the onset of spread F events are observed between the magnetic
equatorial station Fortaleza (4%, 380w; dip lat. 1.803) and the Tow
latitude station Cachoeira Paulista (2305, 450N; dip lat. 14°S). In a
comparative study carried out recently of the spread F occurrences at



these two stations, Abdu et al. (1983) have presented evidence that
suggested that the spread F irregularities observed over Cachoeira
Paulista could indeed be resulting from flux tube extension of the
plasma bubbles whose generation could have occurred primarily over the
magnetic equator. The following additional points seem to be worth
mentioning. During the months of frequent spread-F occurrences, namely,
equinoctial and southern solstice months, the post-sunset spread-F
onsets on most of the nights occur just before the pre-reversal maximum
in the F-layer bulk plasma vertical velocity (usuaily from 1900 to 1930
LST, or 1830-1900 LT; see Abdu et al., 1981a and 1981b). Further, all
the spread-F onsets over Cachoeira Paulista were preceded by onsets

of spread F at Fortaleza (the time differences varied from a few

minutes to a few tens of minutes). Many cases of spread-F over Fortaleza
were not, however, accompanied by such events over Cachoeira Paulista.
We have attributed this latter observation to the possibility that
either plasma bubbles did not develop in these cases or the bubble

rise velocity was so Tow that it did not rise to the apex altitude of
the magnetic field line before the reversal, to downward, of the
F-layer bulk plasma velocity (that usually occurs by about 2000 LST).

In this paper we have analyzed the systematic differences
observed in the onset times of spread-F at these two stations, in
order to deduce the plasma bubble rise velocities that best explain
the observed time differences. The analysis is carried out for the
months of the more frequent spread-fF incidence rates,usually the
equinoctial and southern solstice months,during the period starting
from January 1978 to February 1980.

DETERMINATION OF THE PLASMA BUBBLE RISE VELOCITY

In considering the time differences between the onsets
of spread F events at Fortaleza and Cachoeira Paulista we should keep
in mind that these two stations are located at close magnetic meridional
planes. Their locations are shown in Figure 1. The magnetic meridian
over Cachoeira Paulista, in fact, passes through the point A at the



magnetic equator as shown in the figure, which is about 12° westward
in longitude from Fortaleza. Based on the considerations presented
below we have assumed that the onset time of the first spread-F event
on any evening, over the longitudinal range extending from Fortaleza
up to the point A,and in the vicinity beyond,would be practically the
same as those observed over Fortaleza.

The spread F onset usually occurs, as mentioned before,
very close to the time of the prereversal peak in the F-layer vertical
drift in the evening hours (see, for example, Woodman, 1970; Farley et
al., 1970; Rastogi, 1978; Abdu et al., 1981a; Fejer et al., 1979), and
an important factor that determines the times and widths of the
prereversal peak in Vz seems to be the magnetic declination angle
(Abdu et al., 1981b},which for the point A (16°W), is reasonably close
to that for Fortaleza (21°W). The monthly average onset times (in local
solar time) of range type spread F events read from ionograms over
Fortaleza and Huancayo over the magnetic equator, and Cachoeira Paulista
over low latitude, are presented in Figure 2 for the period October to
February (the months of highest spread F occurrence) during 1978-79.
Similar results hold also for the rest of the periods analyzed here for
Fortaleza and Cachoeira Paulista {in the case of Huancayo this point
has not been verified). Judging from the onset times at Fortaleza and
Huancayo, on the basis of the difference in the magnetic declination .
angles at these sites, we do not expect any significant difference in
the onset times to arise from differences in the vertical rise velocity
of the F-layer at Fortaleza and the longitude of the point A. The other
factors such as the F-layer base height and its electron density
gradient, and the relevent neutral atmosphere parameters could be
assumed to have very similar local time dependence within the longitudes
covered by the two places. The spread-F occurrence over Fortaleza site
on a given evening could, therefore, be taken as indication that
conditions were conducive to spread-F occurrences, in the form of
several successive and independent plumes in the neighbouring region
along the magnetic equator as long as an atmospheric seedingsource is
present to cause the required initial perturbation in the ambient



jonization uniformly in these regions, an assumption that is perfectly
justified due, again, to the small Tongitudinal separation involved.
Such seeding sources seem to be present reqularly (on all evening) in
the ionosphere over this region as our published results (and
unpublished data) on spread F occurrence suggest. For instance, spread-F
was present in the early hours of the post sunset period on almost all
magnetically "quiet" nights of the equinoctial and southern solstice
months (Abdu et al., 1981a). Further, the spread-F occurrence in 97
percent of the cases, considered throughout the year, occurred when

the Rayleigh-Taylor instability condition determined from ionograms

was satisfied,whereas all the cases of non-occurrences of spread-F

were found to be accompanied by negative growth rate (Abdu et al.,
1982b). The irregularities, causing backscatter plumes, develop as shown
by Tsunoda (1981),from the westwall of an altitude modulated bottomside
F-layer, presumably caused by a seeding source which might be
atmospheric gravity waves (Rdttger, 1978) in the presence of an

castward neutral wind {see also Fejer et al., 1981). Therefore, the
precise local times of the post-sunset onset of the irregularity patches,
over any site along the equator,could vary somewhat from day-to-day
depending upon the phase of the atmospheric wave, in relation to the
local onset times of the instability conditions, over that site. Our
study on the statistics of the onset times during the spread-F season
over Fortaleza (see,for example,the Figure 2 of Abdu et al., 1981a),
shows that under "quiet" magnetic conditions the variation in onset
times could be reasonably small (of the order of 15-30 minutes) if we
consider groups of a fewdays, so that the mean onset times for such groups
could be almost independent of longitude, at Teast,within the longitude
region covered in the present analysis. We are, therefore, justified

in assuming that the local times of spread-F onset, on an average, over
the vicinity regions of point A will be practically the same as those
over Fortaleza. In other words, we are justified in treating the results
of spread-F at Fortaleza and Cachoeira Paulista as if these two stations
were situated in close by magnetic meridional planes, especially, for
determining the statistical trends, on a few-day basis, of the plasma
bubble vertical rise velocities.



In the following, we will use definitions of the magnetic
apex coordinate systems after VanZandt et al. (1973) to describe the
parameters used for deriving the plasma bubble rise velocity. The
spread F onset time at Cachoeira Paulista corresponds,according to
the flux tube extension of the plasma bubble and the associated
irregularities, to the time of occurrence of the irregularities at the
apex of the field line meeting the base of the F-layer (h'F) over
Cachoeira Paulista. We shall denote the height of the apex as Peq which
could vary, of course, depending upon the h'F over Cachoeira Paulista.
1t would be of the order of 600 km for an h'F of 250 km which we have
found to be the approximate average value in the post-sunset hours.
Since the irregularities rise in the equatorial ionosphere with an
associated eastward (in the corotating frame) velocity, the
irreqularities that occur at Pegq, are, in fact, those that had their
onset at the base of the F-region somewhat westward of the point A,
namely,over the point marked C in Figure 1. Thus the time required for
the irregularities to propagate from their onset region over the
point C, to Peqs should be the same as the time that elapses between
the onset of spread F over the point C and that over Cachoeira Paulista
(both times being referred to a common reference longitude). We shall
denote this elapsed time as at. Based on the discussion in the previous
paragraph we can assume that the local times of the spread F onset
over the point C are the same as those over Fortaleza. Thus, we can
show that:

at = (t

St - T /(14 2,18 X 10'3\1}(),

oCP ofFz A

where tOCP and t are the local solar times of spread F onsets over

Cachoeira Pau1is%§zand Fortaleza respectively, TAL is the local solar
time difference between Cachoeira Paulista and the Tongitude of A, Vx
is the eastward velocity, inm s™', of the plasma bubble, and the
factor 2.14 x 10"3 represents the change of local time, in seconds,

per unit longitudinal distance.



The vertical bubble rise velocity, VB, is then determined
knowing the virtual height of the F-layer base at the onset of the
spread F in the ionograms of Fortaleza, or, over the point C, (denoted
as the height hFoe) at which the bubble starts getting formed with
associated vertical growth. The apex height at which the plasma bubble
will be located at the end of the time At, was then determined from
the h'F at the onset of the spread F over Cachoeira Paulista with the
help of magnetic B-L charts representing the field lines as functions
of altitude and latitude, prepared by Harrison et al. (1963). Thus the
vertical rise velocity of the bubble, VB’ will be given by:

Vg (Peq - hFoe)/At

Value of VB was calculated for each day during the months
of January and February 1978, October 1978 to February 1979 and
October 1979 to February 1980, since these are the months when spread
F occurrence had highest frequency during the interval considered. In
general, the individual VB values present large scatter, varying from
a few m sec™ up to a few hundreds of m sec”™ . Therefore, ten-day
running means (VB) were calculated during each of these periods and
the results for January and February 1978 are presented in Figure 3.
These mean values (and even most of the individual values, though not
shown here) are well within the bubble vertical velocities obtained
previously from different techniques (see, for example, Woodman and La
Hoz, 1976; McClure et al., 1977; Ossakow et al., 1979; Tsunoda, 1981
Nakamura, 1981). In Figure 3 we have plotted also 10-day running means
of the amplitudes of the prereversal peaks (denoted by'Vzp) of the
evening F-layer vertical velocities calculated as d{h'F)/dt (Bittencourt
and Abdu, 1981; and Abdu et al., 1981b). It may be noted that a good
degree of correlation between the bubble rise velocities and the bulk
plasma velocities is evident in the mean trends of these parameters.
The h'F values, obtained from ionograms over Fortaleza,are also plotted
in the same figure. The gross characteristics seen in this figure are
that the bubble velocity is small (or large) when the ﬁ;p is small {or
large), and both the parameters vary roughly in phase with the h'F



values. Results for October 1978 to February 1979 and for October 1979
to February 1980 are presented in Figures 4 and 5. The correlation

among the three parameters seems to be poor for most part of the
interval shown in Figure 4. But trends suggesting varying degrees of
positive relationship between vﬁ and the other two parameters are
evident in the results presented in Figure 5, during October and a major
part of November 1979, and for February 1980. It is interesting to

note that during most part of the intervals in all these figures (3, 4
and 5) there seems to be present a consistent tendency for a good
correlation between variations in Vép and h'F over Fortaleza.

DISCUSSION

The individual VB values obtained from the present
analysis could have large uncertainty at times, due to the fact that
the corresponding at was determined from ionosonde observations that
are taken simultaneously both at Fortaleza and Cachoeira Paulista,
but at 15 minutes intervals. The onset of a spread F event could have
actually taken place before its detection in the ionogram. Thus, At
values that are close to 15 minutes could have large errors, whereas
the error will decrease for higher at values. Consequently, the scatter
will be higher for higher VB values and smaller for smaller VB values.
We have estimated that the individual velocities of the order of 300ms”
could be in error by as much as 100 percent, whereas the error would
be 10 percent only for the velocities of the order of 30 m s™'. However,
if we assume that the distribution function of the occurrence of spread
F onset times, before their detection in the ionograms, are the same
for two stations, the error in at is expected to be small when the mean
of a large number of aAt's are considered and hence also in the VE values
obtained as the running mean of several points (ten in the present
case). Thus, the Vﬁ values presented in Figures 3, 4 and 5 seem to be
reliable since they fall also within the values for the bubble rise
velocities measured by back-scatter radar {Woodman and La Hoz, 1976,
Tsunoda, 1980, 1981) by satellites (McClure et al., 1977), from airglow
photometer techniques (Nakamura et al., 1982; Weber et al., 1980) and

1
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those predicted from theoretical modelling {Ossakow et al., 1979;
Anderson and Haerendel, 1979). Another possible error could be due to
variations in the eastward velocity, Vx, which we have taken as 100

-1
ms

in all our calculations. A 100 percent change in Vx could
introduce about 20 percent error in the individual VB values. Another
source of systematic error that could cause significant scatter in the
individual values mentioned above, is related to the fact that the
ionosondes are so widely separated that they are not monitoring the
progress of individual bubble but only the first appearence of any
bubble induced signature at the two locations. For reasons mentioned
before the error due to this factor should be insignificant in the
mean trends, obtained by taking the running means, of the bubble

velocities.

In analyzing the relationship between Eﬁ and ﬁ;p we
should consider the diverse factors that control the plasma bubble
generation and its subsequent vertical growth velocities. From
theoretical modelling, taking into account field 1ine integrated plasma
properties, Anderson and Haerendel (1979) showed that the bubble rise
velocities are in general always small (or large) when the F region
ambient electric field or the ExB vertical drift velocity is small (or
large). Our results in Figure 3 and in parts of Figures 4 and 5,
showing positive relationship between VE and ?ép’ is in good agreement
with these results of Anderson and Haerendel (1979). VHF radar
measurements by Tsunoda (1981) has shown a decrease in the plume rise
velocity towards the end of a bubble development phase which might be
caused by a similar decrease in the bulk plasma vertical motion at those
times. The bubble generation and vertical growth, according to the
Rayleigh-Taylor mechanism, depend also upon the presence of an initial
perturbation in the ionization, ion-neutral collision frequency and the
jonization gradient at the base of the F-layer. Two-dimensional
simulation of the collisional Rayleigh-Taylor mechanism by Ossakow et
al. (1979) has shown strong dependence of the ionization depletion in
the bubble,and consequently of the bubble rise velocity, on the height
of the F-layer (arising from the upward decrease in the ion-neutral
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collision frequency), which is in agreement with the positive
relationship between Vé and h'F observed in parts of the present
results. If the degree of the depletion in the bubble is a measure of
the spread-F irregularity strength, then the recent results (Abdu et
al., 1982a),showing a positive correlation between Vzp and range type
spread F indices in the post sunset hours, seems to be a complementary
evidence supporting the positive relationship between Vé andvZp

obtaiﬂsq from the present analysis. The in-phase variations in VB’Vzp
and h'F, present in part of our results, in fact, suggest that the
east-west F-region ambient electric field influences the bubble rise
velocity in two ways: (a) through polarization changes resulting from
the difference in the conductivity between the bubble and its vicinity
regions, in the presence of the ambient electric field {Anderson and
Haerendel, 1979); and (b) through changes in the ion-neutral collision
frequency at F layer heights (Ossakow et al., 1979) when variations in

these heights are produced by the ambient electric field.

B The good degree of correlation that is present among Vé,
Vzp and h'F, though restricted to some periods only, could be explained
as due to the dominating influence of the F-region ambient east-west
electric field in the bubble development phase. The absence of any
significant correlation seen on many other occasions, therefore, seems
to warrant a discussion in terms of the other different parameters that
also control, or influence, the bubble development. It should be noted
that the dominating influence of an F-region ambient electric field
could be identified through a positive correlation between Vé and Vzp
only because variations in the other controlling factors were not
sufficient to mask this influence.One of the most important of these
factors seems to be the amplitude of the initial perturbations in the
ambient ionization upon which the instability processes operate. Two-
_dimensional numerical simulation of the collisional Rayleigh-Taylor
instability mechanism, of the type carried out by Ossakow et al. (1979)
has been used by Nakamura (1981) to study the bubble height and rise
velocity characteristics as a function of the amplitude of the initial
perturbations, and the results show strong dependence between them. In
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a typical calculation (Nakamura, 1981),an initial perturbation of one
percent of the ambient ion density gave rise to a bubble vertical
velocity of 60 m s~ at a height of 340 km, whereas an initial
perturbation of 10 percent resulted in a velocity of 170 m s at a
height of 400 km, at the end of 700 s from the onset of the instability
process in both cases. Therefore, variabilities in the factors that
determine the amplitude of the initial perturbations, such as possibly
a gravity wave spectrum that could be reqularly present in the evening
equatorial ionosphere (Rottger, 1978; Booker, 1979) should be sufficient
to mask any possible dependence of the plasma bubble rise velocity on
the F-region ambient electric field. Yariations in the ionization
gradient scale length at the F-layer base, variations in eastward
neutral winds and changes in the ion-neutral collision freguency
(caused by magnetic activity, for example) are the other factors that
could contribute to ambiguous relationships of VE with ?ép and h'F.
Detailed investigation into these different problems is beyond the
scope of the present work, which has its main purpose to demonstrate
that reasonable estimates of the plasma bubble rise velocities in the
equatorial ionosphere could be achieved from simultaneous observations
of spread F events by spaced jonosondes located, preferably, along or
in the vicinity of a common magnetic meridional plane, covering the
magnetic equator and low latitudes.

CONCLUSIONS

We have analyzed the systematic differences in times of
the first onsets of the range type spread F, in the post sunset period,
observed over the equatorial station, Fortaleza, and over the low
latitude station, Cachoeira Paulista, to determine the equatorial plasma
bubble rise velocities. The derivation of the individual velocities,
as referred to a selected bubble event, has involved some assumptions
on the physical and dynamical bubble characteristics, that are
realistic and based on the well-knownresults from VHF radar observations,
airglow and satellite measurements, widely cited above, and on the
comparative studies of spread F statistics over the two stations,carried
out by us recently.
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The irregularities giving rise to range type spread F in
the ionograms have their onset usually in the early hours of the post
sunset period. They constitute part of the wide spectrum of the
irregularities, from meter to kilometer sizes, that is generated during
an equatorial plasma bubble event., The generation of the bubblie and the
associated irregularities occur simultaneously along magnetic flux
tube, extending several degrees to either side of the equator. The
depleted regions rise up over the equator in elongated columns extending
upward from the bottomside F-layer in the form of westward tilted
wedges as described by Tsunoda et al. (1982). The field 1ine footprint
of the "head" region of the bubble, during its resulting poleward
motion, causes spread F events over low latitudes sites, which could
account for (at least) the first spread F events occuring in the early
sunset period over Tow latitude. If a spread F event in the equatorial
jonosphere is not associated with a growing bubble event then,
according to this picture, no spread F will be observed over low
latitude sites.

Hence,the time delay observed in the onsets of spread F
events was attributed to the time that plasma bubble takes, from its
development at the bottomside F-layer, to rise up to the apex of the
magnetic field Tine Tinking the low latitude F-layer base. The rise
velocity of a selected bubble, derived in this way, has significant
dispersion due, mainly, to the longitudinal separation of the two
stations and to some extent to the 15-minutes time resolution used in
the measurement. The dispersion in the derived velocities from these
factors are, however, significantly reduced in the running means of
the velocities, as evident from the excellent agreement obtained with
the bubble rise velocities determined from several other different
techniques (cited before), and from the very good correlation observed,
on many occasions, with the pre-reversal peak in the F-layer bulk
plasma vertical drift. The latter point also corroborate the theoretically
expected dependence of the bubble rise velocity on the ambient F-region
electric field shown by Anderson and Haerendel (1979). Possible causes
for not observing sucha correlation on many other occasions have been
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discussed. Better precision and confidence in the individual bubble
velocities could be achieved from observations taken with better time
resolution, say every 1 to 5 minutes, and operating the ionosondes
closer to a common magnetic meridional plane than is done at present.
Such studies are being planned for the near future.
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FIGURE CAPTIONS

Figure 1 - Locations of the jonosonde stations, Fortaleza and Cachoeira
Paulista, relative to the magnetic and geographic equators.
Dip latitudes at 20°5 and 30°S are shown. Also shown are
the geographic and magnetic meridians over Cachoeira Paulista
and their intersections with the magnetic equator (see the
text for further details).

Figure 2 - Monthly mean spread F onset times in local solar times
plotted during October 1978 to February 1979, for Fortaleza
(

), Huancayo (----) and Cachoeira Paulista (S

Figure 3 - Ten-day running means of the vertical bubble rise velocity
ﬁé, for January and February 1978, plotted together with
the corresponding running mean values of the amplitudes of
the prereversal enhancements in the F-layer vertical rise
velocities in the evening hours, Vép, and with those of the
heights of the base of the F-layer h'F.

Figure 4 - Same parameters as in Figure 3, plotted for October,
November and December, 1978,and for January and February,
1979.

Figure 5 - Same parameters as in Figure 3 and 4, plotted for October,
November and December, 1979, and for January and February,
1980.
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AERCONOMTIA

Systematic time differences in the onsets of spread F events in the
ionograms are observed between the magnetic equatorial station
Fortaleza (4 degree 5, 38 degree W, dip latitude 1.8 degree S} and
the low-latitude station Cachoeira Paulista (23 degree S, 45 degree
W, dip latitude 14 degree S}, twe stations in Brazil, located at
close-by magnetic meridional planes (actually some 12 degree of
magnetic longitude apart). On the assumption, justified from
different experimental observations, that the spread F
irregularities occur in strongly field-aligned plasma bubbles that
extend several degrees on either side of the magnetic equator, and
rise up in vertically elongated columns over the magnetic eguator,
we have related the observed time differences in the onsets of
spread F events at the two stations to the plasma bubble vertical
rise velocities over the magnetic equator. The vertical rise
velocities of the plasma bubble so determined are found to be well
within the values measured by VHF radar and satellite techniques,
and further show, at times, good correlations with the amplitude of
the prereversal peak in the wvertical drift velocities and the
heights of the evening equatorial F layer. Possible implications of
these results are discussed.
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SPREAD T' PLASMA BUBBLE VERTICAL RISE VELOCITIES DETERMINED

FROM SPACED IONOSONDE OBSERVATIONS
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, J. H. A. Sobral, and J. A. Bittencourt
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Abstract, Systematic time differences in the
onsets of spread F events in the ionograms are
observed between the magnetic equatorial station
Fortaleza (495, 38°W, dip latitude 1.8°S5) and the
low-latitude station Cachoeira Paulista (2395,
459y, dip latitude 1498}, two stations in Brazil,
located at close-by magnetic meridional planes
(actually some 12° of magnetic longitude apart}.
On the assumption, justified from different ex-
perimental observations, that the spread F irreg-
ularities occur in strongly field-aligned plasma
bubbles that extend several degrees on either
side of the magnetic equator, and rise up in ver-—
tically elongated columns over the magnetic equa-
tor, we have related the observed time differ—
ences in the onsets of spread F events at the two
stations to the plasma bubble vertical rise ve-
locities over the magnetic equator. The vertical

rise velocities of the plasma bubble so determi- <

ned are found to be well within the values mea-
sured by VHP radar 2nd satellite techniques, and
further show, at times, good correlations with
the amplitude of the prereversal peak in the
vertical drift velocities and the heights of the
evening equatorial F layer. Possible implications
of these results are discussed.

Introduction

Equatorial ionospheric spread F irregularities
have been investigated using HF ionosondes, VHF
radars, satellite beacon scintillation tech-
niques, airglow photometers and in situ measure-
ments from space vehicles. The meter scale size
irregularities producing plumes in the VHF back-
scatter radar maps, the decameter sizes that give
rise to the spread F echoes in the ionograms, and
the hectometer to kilometer sizes that produce
VHF and UHF radio wave scintillation are all
known to coexist during, at least, the develop-
ment phase of an lrregularity event [Farley et
al., 1970; Woodman and La Hoz, 1976; Morse et
al,, 1977; Basu et al., 1978; Rastogi and
Woodman, 1978; Tsunoda, 1980; Tsuncda and Towle,
1979; Aarons et al., 1980]. Much of our knowledge

- of the dynamical characteristics of these irreg-
ularities has emerged from VHF radar studies. In
particular, from measurements using the ALTAIR
VHF steerable radar, Tsunoda [1980, 1981] and
Tsunoda and Towle [1979] have shown that these
irregularities are colocated within plasma densi-
ty depletions or "bubbles" in the equatorial

lPresent address: Universidade do Ric Grande do
Norte, Natal, Brazil.
Copyright 1983 by the American Geophysical Union.

Paper number 3A1191.
0148-0227/83/0034-1191$05.00
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ionosphere [Hanson and Sanatani, 1973; McClure et
al., 1977] that occur strongly aligned along the
magnetic flux tubes, extendifg s&veral depgrees to

either side of the magnetic equator. Furthex
‘evidence of the f1e1d allgned characterlstlcs of

been provided from the AE C,lonfdensLty.meagure-
ments [McClure et al., 19771, the observations of
6300-8 and 7774-3 alrglow emission patches [Weber
et al., 1978, 1980; Moore and Weber, 1981], the
all-sky images and scanning measurements of
6300-2 emissicn [Mendillo and Baumgardner, 1982;
Sobral et al., 1980a, b], topside sounder results
[Dyson and Benson, 1978], and multistation
scintillation measurements [Aarons et al., 1980].
The 1rregu1ar1tles are generatﬁg_;niihe_equa—
torlal lonosphere f0110w1ng the rﬁp1d rise of the
L_Zgl_ggﬁggiated
with the prereversal enhancement in the F region
bulk plasma vertical drift_[Fejer et al., 1979;
Woodman, 1970; Akdu et al., 1983a]. With the
resultlng 1arge helghts the steep gradient re-

t19§$ propltlous for dlffiggngggggulaxlty

generatlon mechanisms to _to operate.

The present consensus sus on the generation mecha-
nism of the plasma bubbles is thatﬁfhey are
gefierated prlmarllyﬂEﬁrough the RaylelgiiTaylor
plasma instability mechanism orlglnallg suggested
by Dungey [1956]) and elaborated by Haerendel
[1973] and Balsley et al. [1972], and also by the
gradient drift (Exgl,lnstablllty_pzocess [Reid,
1968] operating on ionization perturbatioms,
introduced by a seeding mechanism, at_ the bottom-
side electron density gradient region, The steep
ionization gradients that. op with t orma-

ticn of a bubble subsequently j provide conditions

favorable For secondary plasma instability pro-
cesses to operate, 1ead1ng “to the peneration of
smaller and smaller size 1rregu[§§%€?€§:qaé
described by Haerendel [1973]._Begining with the
generation and growth phase _Ebg_ggbhlg nonlin-
earty rises up by‘ﬁﬁlarl;atlon ExB motlonlwgnd
-alst drifts {mostlyY wéstward relafive te the
ambient ionosphere. The associated qglgnltles
_(especially the “upward companent} determined from
numerical simulation of the Raylteigh- TayIBf——“J
mechanism [Scannap1eco and Ossakow, 1976,_Ossak0w
et al., 1979] ﬁﬁVﬁjpeen found to be in agreement
with the velocities observed by VHF radar
[Woodman and La Hoz, 1976; Tsunoda, 1980, 1981)
and by the retarding potentlal analyzer on board
the AE-C satellite-{Mc€lure et al,, 1977}, which
are of the order of 150 m s~ upward and 60 m s-1
westward with large variations arcund these
values. From numerical simulation based on the
field line Lntegrated quantities of Pedersen
conductivity and iom den51ty"§;gaien157.Anderson
and Haerendel [1979] have showm that the bubble
rise velocities are strongly dependent on the

F region ambient east-west electric field.
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Fig. 1. Locations of the iownosonde stations,
Fortaleza and Cachoeira Paulista, relative to the
magnetic and geographic equators. Dip latitudes
at 2095 and 30985 are shown. Also shown are the
geographic and magnetic meridians over Cachoeira
Paulista and their intersections with the mag-
netic equator {(see the text for further details).

Radar mapping of the two-dimensional shape of
the plasma bubbles in the equatorial plane trans-
verse to the magnetic field has been carried out
by Tsunoda [1981] and Tsuncda et al. [1982]. . They
have shown that the plasma bubbles are vertically
eTongated depletioms_ that extend upggggﬁgggthhe
bottomside of the F layer in the form of wedges
and have well-defined "head' “and ''meck” regions.
Further, they develop with their “axes of deple-
tions tilted somewhat westward of the wvertical.
The r15e_vglgc1t1es wereﬁfpundﬁxn_na:y_ﬁrnmAl5rto

350 m s=* [Tsunoda, 1981]. eld-
plasma bubble and associated 1rregular1t1es rise

if the equatorlal 1onosbhere, the low-latitude

helgﬁt Timit of the irregularities_ s_would define
also the latitudinal limit of the irregularity
occurrenge associated with a given event. Thus
the occurrence of spread F events over a low-lat-
{tude station in the early hours of the pastsun-
set perlod _could be Broduced hx__bOﬁggjeward
passage of the low-latitude footprint_ of the head
“reglon of a developing bubble. Poleward propagat-
ing 6300-2 airglow depletion patches observed
(especially in the early hours of the postsunset
period) over Cachoeira Paulista by meridiomal
scan photometers [Sobral et al., 1980a; Nakamura
et al., unpublished manuscript, 1982] were found
to be consistent with this picture of the plasma
bubble dynamics. {It should be pointed out,
however, that the low-latitude spread F observed
at later hours of the postsunset period could be
caused also by the eastward passages of the neck
regions of north-south elongated and westward
tilted depletion patches corresponding to the
plasma bubble generations that took place at lon-
gitudes well westward of that of the ionosonde.
These cases will be excluded from consideration
here since only the first onsets in the early
sunset hours are analyzed).

Therefore, a certain time delay could be ex-
pected in the onset of the spread F events over a
low-latitude station with respect to that over an
equatorial station, located in close-by magnetic
meridional planes, in proportion to the time

plasma bubbles take to extend upward Erom the
bottomside F region over the magnetie equator to
the apex of the field line that meets the subpeak
F region over the low-latitude station. System-—
atic time differences in the local times of the
onset of spread F events are observed between the
magnetic equatorial station Fortaleza (4°5, 38°W,
dip latitude 1.89S) and the low-latitude station
Cachoeira Paulista (2395, 459W, dip latitude
14°8). In a comparative study carried out
recently of the spread F occurrences at these two
stations, Abdu et al. [1983b] have presented
evidence that suggested that the spread F irregu-
larities observed over Cachoeira Paulista could
indeed be resulting from flux tube extension of
the plasma bubbles whose generation could have
occurred primarily over the magnetic equator.

The follewing additiomal points seem to be worth
mentioning. During the months of frequent spread
F occurrences, namely, equinoctial and southern
solstice months, the postsunset spread F onsets
on most of the nights occur just before the pre-
reversal maximum in the F layer bulk plasma
vertical velocity (usually from 1900 to 1930
local standard time (LST), or 1830 to 1900 LT)
[see Abdu et al., 1981a, b]. Further, all the
spread F onsets over Cachoeira Paulista were
preceded by onsets of spread F at Fortaleza (the
time differences varied from a few minutes to a
few tens of minutes). Many cases of spread F

over Fortaleza were not, however, accompanied by
such events over Cachoeira Paulista. We have
attributed this latter observation to the possi-
bility that either plasma bubbles did not develop
in these cases or the bubble rise velocity was so
low that it did not rise to the apex altitude of
the magnetic field line before the reversal, to
downward, of the F layer bulk plasma velocity
{that usually occurs by about 2000 LST).

In this paper we have analyzed the systematic
differences observed in the onset times of spread
F at these two stations, in order to deduce the
plasma bubble rise velocities that best explain
the observed time differences. The analysis is
carried out for the months of the more frequent
spread F incidence rates, usually the equinoctial
and southern solstice months, during the period
from Jaouary 1978 to February 1980,

Determination of the Plasma Bubble Rise Velocity

In considering the time differences between
the onsets of spread F events at Fortaleza and
Cachoeira Paulista we should keep in mind that
these two stations are located at close magnetic
meridional planes. Their locations are shown in
Figure 1. The magnetic wmeridian over Cachoeira
Paulista, in fact, passes through point A at the
magnetic equator as shown in the figure, which 1is
about 129 westward in longitude from Fortaleza.
Based on the considerations presented below, we
have assumed that the onset time of the first
spread F event on any evening, over the longi-
tudinal range extending from Fortaleza up to
point A, and in the vicinity beyond, would be
practically the same as those cbserved over For-—
taleza.

The spread F onset usually occurs, as men—
tioned before, very close to the time of the
prereversal peak in the F layer vertical drift in
the evening hours [e.g., Woodman, 1970; Farley et




Abdu et al.: Plasma Bubble Rise Velocities From Ionosondes 9199

al., 1970; Rastogi, 1978, Abdu et al., 198ia;
Fejer et al., 1979], and an important factor that
determines the times and widths of the prerever—
sal peak in V, seems to be the magnetic declina-
tion angle [Abdu et al., 1981b] which for point
4 (169W) is reasonably close to that for Fortale-
za (21°9). The monthly average onset times (in
local solar time) of range type spread F events
read from ionograms over Fortaleza and Huancayo
over the magnetic equator, and Cachoeira Paulista
over low latitude, are presented in Figure 2 for
the period October to February (the months of
highest spread F occurrence) during 1978-1979,
Similar results hold also for the rest of the
periods analyzed here for Fortaleza and Cachoeira
Paulista (in the case of Huancayo this point has
not been verified). Judging from the omset times
at Fortaleza and Huancayo, on the basis of the
difference in the magnetic declination angles at
these sites, we do not expect any significant
difference in the onset times to arise from
differences in the vertical rise velocity of the
F layer at Fortaleza and the longitude of point
A. The other factors such as the F layer base
height and its electron density gradient, and the
relevant neutral atmosphere parameters, could be
assumed to have very similar local time depen-
dence within the longitudes covered by the two
places. The spread F occurrence over the Fortale-
za site on a given evening could, therefore, be
taken as an indication that conditions were con-
ducive to spread F occurrences, in the form of
several successive and independent plumes in the
neighboring region along the magnetic equator as
long as an atmospheric seeding source was present
to cause the required initial perturbation in the
ambient ionization uniformly in these regions, an
assumption that is perfectly justified due,
again, to the small longitudinal separation in-
volved. Such seeding sources seem to be present
regularly {on all evenings) in the ioncsphere
over this region as our published results {and
unpublished data) on spread F occurrence suggest.
For instance, spread F was present in the early
hours of the postsunset period on almost all
magnetically "quiet" nights of the equinoctial
and southern solstice months [Abdu et al., 1981a).
Further, the spread F in 97% of the cases, con-
sidered throughout the year, occurred when the
Rayleigh-Taylor instability condition determined
from ionograms was satisfied, whereas all the
cases of nonoccurrences of spread F were found to
be accompanied by negative growth rate [Abdu et
al., 1982]. The irregularities, causing backscat-
ter plumes, develop as shown by Tsunoda [1981],
from the west wall of an altitude-modulated
bottomside F layer, presumably caused by a seeding
source which might be atmospheric gravity waves
[REttger, 1978] in the presence of an eastward
neutral wind [see also Fejer et al., 1981},
Therefore, the precise local times of the post-
sunset onset of the irregularity patches, over
any site along the equator, could vary somewhat
from day to day depending upon the phase of the
atmospheric wave, in relation te the local onset
times of the instability conditions, aver that
site. Our study of the statistics of the onset
times during the spread F season aver Fortaleza
(see, for exawple, Figure 2 of Abdu et al,
[1981a]) shows that under quiet magnetic condi-
tions the variation in onset times could be
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Fig. 2. Monthly mean spread F onset times in

local solar times plotted during October 1978 to
February 1979, for Fortaleza {(solid), Huancayo
(dashed), and Cachoeira Paulista (dotted}.

reasonably small (of the order of 15-30 min if we
consider groups of a few days, so that the mean
onset times for such groups could be almost
independent of longitude, at least, within the
longitude region covered in the present analysis.
We are, therefore, justified in assuming that the
local time of spread F onset, on an average,

over the regions in the vicinity of peoint A will
be practically the same as those over Fortaleza.
In other words, we are justified in treating the
results of spread F at Fortaleza and Cachoeira
Paulista ag if these two stations were situated
in close-by mapnetic meridional planes, especial-
ly, for determining the statistical trends, on a
few-day basis, of the plasma bubble vertical rise
velocities.

In the following, we will use definition of
the magnetic apex coordinate systems after
VanZandt et al. [1972] to describe the parameters
used for deriving the plasma bubble rise veloci-
ty. The spread F omset time at Cachoeira Paulista
corresponds, according to the flux tube extension
of the plasma bubble and the associated irregu-
larities, to the time of occurrence of the irreg-
ularities at the apex of the field line meeting
the base of the F layer (h'F) over Cachoeira Pau-
lista. We shall denote the height of the apex as
Peq which could vary, of course, depending upon
the h'F over Cachoeira Paulista. It would be of
the order of 600 km for an h'F of 250 km which we
have found to be the approximate average value in
the postsunset hours. Since the irregularities
rise in the equatorial ionosphere with an associ-
ated eastward (in the corotating frame) velocity,
the irregularities that occur at Pgq are, in
fact, those that had their onset at the base of
the F region somewhat westward of point A,
namely, over the peint marked C in Figure 1. Thus
the time required for the irregularities to
propagate from their onset region over point C,
to Peq’ should be the same as the time that
elapses between the onset of spread F over point
C and that over Cachoeira Paulista (both times
being referred to a common reference longitude).
We shall denote this elapsed time as At. Based on
the discussion in the previous paragraph we can
assume that the local times of the spread F onset
over point C are the same as those over Fortale-
za. Thus, we can show that

At = {t -t

- -3
oCP oFz TAL)/(I + 2.14 x 10 vx)

o e ks 2
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Fig. 3. Ten-day running means of the vertical
bubble rise velocity Vg, for January and February
1978, plotted together with the corresponding
running mean values of the amplitudes of the pre-—
reversal enhancements in the F layer vertical
rise velocities in the evening hours, Vz,, and
with those of the heights of the base of the F
layer, h'F.

where t, ., and t are the local solar times of
spread F onsets ovér Cachoeira Paulista and For-
taleza respectively; T, is the local solar time
difference between Cachoeira Paulista and the
longitude of A; V. is the eastward velocity, in
meters per second of the plasma bubble; and the
factor 2.14 x 102 represents the change of local
time, in seconds, per unit longitudinal distance.
The vertical bubble rise velocity Vp is then
determined by knowing the virtual height of the
F layer base at the onset of the spread F in the
ionograms of Fortaleza, or, over point ¢ {denoted
as the height WF,,), at which the bubble begins
to be formed with associated vertical growth. The
apex height at which the plasma bubble will be
located at the end of the time At was then deter-
mined from the h'F at the onset of the spread F
over Cachoeira Paulista with the help of magnetic
B-L charts representing the field lines as funce-
tions of altitude and latitude, prepared by
Harrison et al. [1963]. Thus the vertical rise
velocity of the bubble, Vg, will be given by

Vg = (Boq - hFoe)/bt

The value of Vg was calculated for each day
during the months of January and February 1978,
October 1978 to February 1979, and October 1979
to February 1980, since these are the months when
spread F occurred mest frequently during the
interval considered. In general, the individual
Vg values present large scatter, varying from a
few meters per second up to a few hundreds of
meters per second. Therefore, 10-day running
means (Vp) were calculated during each of these
periods and the results for January and February

1978 are presented in Figure 3. These mean values
{and even most of the individual values, though
not shown here) are well within the bubble verti-
cal velocities obtained previously from different
techniques [e.g., Woodman and La Hoz, 1976;
McClure et al., 1977; Ossakow et al., 1979;
Tsuncda, 1981; Nakamura, 1981]. In Figure 3 we
have plotted alsc 10-day running means of the
amplitudes of the prereversal peaks (denotted by
V} } of the evening F layer vertical velocitles
calculated as d{(h'F)/dt [Bittencourt and Abdu,
1981; Abdu et al., 1981b]. It may be noted that a
good degree of correlation between the bubble
rise velocities and the bulk plasma velocities is
evident in the mean trends of these parameters.
The h'F values, obtained from ionograms over For-
taleza, are also plotted in the same figure. The
gross characteristics seen in this figure are
that the bubble velocity is small (or large) when
the Uy, is small (or large), and both the parame-
ters vary roughly in phase with the W'F values.
Results for October 1978 tc February 1979 and for
October 1979 to February 1980 are presented in
Figures 4 and 5. The correlation among the three
parameters seems to be poot for most of the in-
terval shown in Figure 4. However, trends sugges—
ting varying degrees of positive relationship
between V, and the other twe parameters are evi-
dent in tﬁe results presented in Figure 5, during
October and a major part of November 1979, and
for February 1980. It is interesting to note that
during the greater part of the intervals in all
these figures (Figure 3, 4, and 3) there seems to
be a consistent tendency for a good correlation
between variations in Vzp and h'F over Fortaleza.

Discussion

The individual Vg values obtained from the
present analysis could have large uncertainty at
times, due to the fact that the corresponding At
was determined from ionosonde observations that
were taken simultaneously at both Fortaleza and
Cachoeira Paulista, but at 15-min intervals. The
onset of a spread F event could have actually
taken place before its detection in the ionogram.
Thus, At values that are close to 15 min could
have large errors, whereas the error will de-
crease for higher At values. Consequently, the
scatter will be higher for higher V; values and
smaller for smaller Vg values. We have estimated
that the individual velocities of the order of
300 m s=! could be in error by as wuch as 100%,
whereas the error would be 10Z only for the ve-
locities of the order of 30 m s—1., However, if
we assume that the distribution functioms of the
occurrence of spread F onset times, before their
detection in the lonograms, are the same for two
stations, the error in At is expected to be small
when the mean of a large number of wvalues of At
are considered and hence also in the Vg values
obtained as the running mean of several points
(10 in the present case). Thus, the ¥y values
presented in Figures 3, 4, and 5 seem to be
reliable since they fall also within the wvalues
for the bubble rise velocities measured by back-
scatter radar [Woodman and La Hoz, 1976; Tsunoda,
1980, 19811, by =atellites [McClure et al.,
19771, from airglow photometer techniques
[Nakamura et al., (unpublished manuscript); Weber
et al., 1980], and those predicted from theoreti-
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1378 and for January and February 1979.

cal modeling [Ossakow et al., 1979; Anderson and
Haerendel, 1979]. Another possible error could be
due to variations in the eastward veloeity, Vg,
which we have taken as 100 m s-1 in all our cal—
culations. A 100% change in Vy could introduce
about 20% error in the individual Vg values.
Another source of systematic error that could
cause significant scatter in the individual
values mentioned above is related to the fact
that the iorosondes are so widely separated that
they are not monitoring the progress of individu—
al bubbles but only the first appearance of any
bubble-induced signature at the two locaticns.
For reasons mentioned before, the error due to
this factor should be insignificant in the mean
trends, obtained by taking the running means, of
the bubble velocities,

In analyzing the relationship between Vg and
Vép we should consider the diverse factors that
contrel the plasma bubble generation and its
subsequent vertical growth velocities. From
theoretical modeling, taking into account field
line-integrated plasma properties, Anderson and
Haerendel [1979] showed that the bubble rise
velocities are in general always small (or large)
when the F region ambient electric field or the
ExB vertical drift velocity is small (or large).
Our results in Figure 3 and in parts of Figures 4
and 5, showing a positive relationmship between Vg
and Vé , are in good agreement with these results
of Anderson and Haerendel [1979]. VHF radar
wmeasurements by Tsunoda [1981] has shown a de-
crease in the plume rise velocity toward the end
of a bubble development phase which might be
caused by a similar decrease in the bulk plasma
vertical motion at those times. The bubble gemer—
ation and veritical growth, according to the
Rayleigh-Taylor mechanism, depend also upon the
presence of an initial perturbation in the
ionization, ion-neutral collision frequency, and
the ionization gradient at the base of the F
layer. Two-dimensional simulation of the colli-
sional Rayleigh-Tayler mechanism by Ossakow et
al. [1979] has shown strong dependence of the
ionization depletion in the bubble, and conse-
quently of the bubble rise velocity, on the
height of the F layer (arising from the upward
decrease in the ion-meutral collision frequency),

30

30 30 4]

DEG JAN FEB

» plotted for October, November, and December

which is in apreement with the positive relation-
ship between Vg and h'F observed in parts of the
present results. If the degree of the depletion
in the bubble is a measure of the spread F irreg-
ularity strength, then the recent results {Abdu
et al., 1983a], showing a positive correiation
between Vzp and range type spread F indices in
the postsunset hours, seem to be comp lementary
evidence supporting the positive relationship
between Vg and V,, obtained from the present
analysis. The in-phase variations in VB, Vzp, and
T'F, present in part of our results, in fact,
suggest that the east-west F region ambient
electric field influences the bubble rise vela-
city in two ways: (1) through polarization
changes resulting from the difference in the con—
ductivity between the bubble and nearby regions,
in the presence of the ambient electric field
[Anderson and Haerendel, 1979, and (2) through
changes in the ion-neutral collision frequency at
F layer helghts [Ossakow et al., 1979] when vari-
ations in these heights are produced by the
ambient electric field. .

The good degree of correlation that s present
among Vg, V;p, and h'F, though restricted to some
perieds only, could be explained as due to the
dominating influence of the F region ambient
east-west electric field in the bubble develop-
ment phase. The absence of any significant cor—
relation seen on many other occasions, therefore,
seems to warrant a discussion in terms of the
other different parameters that also control, or
influence, the bubble development. It should be
noted that the dominating influence of an F re-
gion ambient electric field could be identified
through a positive correlation between Vg and Vg
only because variations in the other controlling
factors were not sufficient to mask this influ-
ence. One of the most importdnt of these factors
seems to be the amplitude of the initial pertur-
bations in the ambient ionization upon which the
instability processes operate. Two—dimensional
numerical simulation of the collisiomal Rayleigh-
Taylor instability mechanism, of the type carried
out by Ossakow et al. [1979], has been used by
Nakamura [1981] to study the bubble height and
rise velocity characteristics as a function of
the amplitude of the initial perturbatioms, and
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Fig. 5. Same parameters as in Figure 3 and 4, plotted for Octcber, November, and
December 1979 and for January and February 1980.

the results show strong dependence between them.
In a typical calculation [Nakamura, 1981], an
initial perturbation of 1% of the ambient ion
density gave rise to a bubble vertical velocity
of 60 m s~! at a height of 340 km, whereas an
initial perturbation of 10Z resulted in a veloc-
ity of 170 m s—1 at a height of 400 km, at the
end of 700 s from the onset of the instabilicy
process in both cases. Therefore, variabilities
in the facters that determine the amplitude of
the initial perturbations, such as possibly a
gravity wave spectrum that could be regularly
present in the evening equatorial icmosphere
[RSttger, 1978; Booker, 1979], should be suffi-
cient to mask any possible dependence of the
plasma bubble rise velocity on the F region
ambient electric field. Variations in the ion-
ization gradient scale length at the F layer
base, variations in eastward neutral winds, 2nd
changes in the ion-neutral collision fregquency
(caused by magnetic activity, for example) are
the other factors that could contribute to
ambiguous relationships of Vg with Vzp and B'F.
Detailed investigation into these different
problems is beyond the scope of the present work,
vhich has as its main purpose to demonstrate that
reasonable estimates of the plasma bubble rise
vélocities in the equatorial iomosphere could be
achieved from simultaneous observations of spread
F events by spaced ionosondes located, prefera-
bly, along or in the vicinity of a common magnet-
ic meridional plame, covering the magnetic equa-
tor and low latitudes.

Conclusions

We have analyzed the systematic differences in
times of the first onsets of the range type
spread F, in the postsunset period, observed over
the equatorial station, Fortaleza, and,over the
low-latitude station, Cachoeira Paulista, to de-—
termine the equatorial plasma bubble rise velo-
cities. The derivation of the individual veloci-

ties, as referred to a selected bubble event, has
involved some assumptions about the physical and
dynamical bubble characteristics that are realis-
tic and based on the well~known results from VHF
radar ohservations, airglow, and satellite mea-—
surements, widely cited above, and on the compar-
ative studies of spread F statistics over the two
stations, carried out by us recently.

The irregularities giving rise to range type
spread F in the ionograms have their onset usual-
1y in the early hours of the postsunset period,
They constitute part of the wide spectrum of the
irregularities, from meter to kilometer sizes,
that are generated dufing an equatorial plasma
bubble event. The geéneratfon of "the bubble and

the associated irregularities occur simuitane-
ously along” magnetlc flux tube, extending several

degrees to eithér side of the equator. Ihe de-

pléted regions riseé up over the equator in

elongated columds exteﬁﬁihg upward from the
bottomside F layer in the fqrm of westward tllted

wedges as descrlbed by Tsunoda et al [!982]

causes spread events_over low—latltude sltes,
which could account for (at least) the first
spread ¥ events occurring in the ea early sunset
period over low latitude. If a spréad F_event in
the equatorlal lUnUSphere _1s not assoclated with
4 growing bubble event, hen, according to. this
picture, no spread F w111 be. observed_over low-
latitude sites.

Hence, the time delay observed in the onsets
of spread F events was attributed to the time
that a plasma bubble takes, from its development
at the bottomside F layer, to rise up to the apex
of the magnetic field line linking the low-lati-
tude F layer base. The rise velocity of a selec~
ted bubble, derived in this way, has significant
dispersion due, mainly, to the longitudinal
separation of the two stations and to some
extent to the 15-min time resolution used in the
measurement. The dispersion in the derived velo-
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cities from these factors is, however, signifi-
cantly reduced in the running means of the velo-
cities, as evident from the excellent agreement
obtained with the bubble rise velocities deter-—
mined from several other different techniques
(cited before), and from the very good correla-
tion observed, on may occasions, with the prere-
versal peak in the F layer bulk plasma vertical
drift. The latter point also corroborates the
theoretically expected dependencé of_ the bubble
rise velocity on the ambient I region electric
field shown by Anderson and Hacrendel [1979].
Possible causes for not observing such a correla-
tion on many other occasions have been discussed.
Better precision and confidence in the individual
bubble velocities could be achieved from obser-
vations taken with better time resolution, say
every | to 5 min, and from operating the iono-
sondes closer to a common magnetic meridional
plane than is done at presemt. Such studies are
being planned for the near future.
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