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Abstract. The equatorial ionospheric irregularities have
been observed in the past few years by different techniques
(e.g. ground-based radar, digisonde, GPS, optical instruments, in situ satellite and rocket instrumentation), and
its time evolution and propagation characteristics can be
used to study important aspects of ionospheric dynamics
and thermosphere-ionosphere coupling. At present, one of
the most powerful optical techniques to study the largescale ionospheric irregularities is the all-sky imaging photometer system, which normally measures the strong Fregion nightglow 630 nm emission from atomic oxygen. The
monochromatic OI 630 nm emission images usually show
quasi-north-south magnetic field-aligned intensity depletion
bands, which are the bottomside optical signatures of largescale F-region plasma irregularities (also called plasma bubbles). The zonal drift velocities of the plasma bubbles can be
inferred from the space-time displacement of the dark structures (low intensity regions) seen on the images. In this study,
images obtained with an all-sky imaging photometer, using
the OI 630 nm nightglow emission, from Cachoeira Paulista
(22.7◦ S, 45◦ W, 15.8◦ S dip latitude), Brazil, have been used
to determine the nocturnal monthly and latitudinal variation
characteristics of the zonal plasma bubble drift velocities in
the low latitude (16.7◦ S to 28.7◦ S) region. The east and
west walls of the plasma bubble show a different evolution
with time. The method used here is based on the western
wall of the bubble, which presents a more stable behavior.
Also, the observed zonal plasma bubble drift velocities are
compared with the thermospheric zonal neutral wind velocities obtained from the HWM-90 model (Hedin et al., 1991)
to investigate the thermosphere-ionosphere coupling. Salient
features from this study are presented and discussed.
Key words. Ionosphere (ionosphere-atmosphere interactions; ionospheric irregularities; instruments and techniques)

Correspondence to: A. A. Pimenta (pimenta@laser.inpe.br)

1

Introduction

During recent years, all-sky imaging photometers have provided several key pieces of information related to the spacetime evolution of gravity waves and large-scale ionospheric
irregularities at mesospheric and thermospheric/ionospheric
heights, respectively. The nightglow emissions that come
from F-region heights (e.g. OI 777.4 nm, OI 630 nm and
OI 557.7 nm) are used in connection with studies of traveling ionospheric disturbances, dynamics of the equatorial
ionospheric anomaly, dynamics related to the thermospheric
midnight temperature maximum, thermosphere/ionosphere
coupling and equatorial F-region ionospheric irregularities
(Biondi et al., 1999; Bittencourt et al., 1997; Colerico et al.,
1996; Moore et al., 1981; Pimenta et al., 2001a; Rohrbaugh
et al., 1989; Sahai et al., 1981; Tinsley et al., 1982, 1997).
The OI 630 nm emission is produced at the bottomside of the
ionospheric F-region, at about 250 to 300 km altitude, by the
dissociative recombination process:
∗ 1
∗ 1
O+
2 + e → O + O ( D), O ( D) → O + hv(λ = 630nm)

and is commonly used to investigate the thermospheric/ionospheric processes at F-region heights.
Equatorial F-region irregularity studies using a monochromatic (OI 630 nm emission) all-sky imaging photometer system were first conducted by Weber et al. (1978). Their observations, in the equatorial region, showed the presence of
quasi-north-south magnetic field-aligned airglow depletions,
with east-west scale sizes ranging from 40 to 450 km, usually drifting eastward, and the plasma bubble drift velocities
were fairly close to the zonal ambient plasma drift velocities (Woodman, 1972; Zalesak et al., 1982). The OI 630 nm
emission intensity depletions, or dropouts, are the bottomside optical signatures of equatorial F-region plasma bubbles,
and the plasma drift velocities constitute an important parameter for thermosphere-ionosphere coupling studies.
The earlier attempts to calculate the eastward plasma bubble drift velocities, using an all-sky imaging photometer system, were carried out by superposing an appropriate grid on
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nm airglow emission. Data were recorded from Cachoeira Paulista, Brazil, on November 2, 1999 at
23:19:56 LT. (b) Linearized image (original shown in (a)) corresponding to a mapped area of the
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et al., 2001b; Santana et al., 2001). The images recorded
Mendillo and Baumgardner, 1982; Fagundes et al., 1997).
Afterwards, using digitalized images of the OI 630 nm emission, Mendillo et al. (1997a) and Taylor et al. (1997) presented a technique, which improved the calculations of the
plasma bubble drift velocities. In their technique, initially the
bi-dimensional images are scanned in the east-west direction
(through the zenith), in order to obtain a slice of each image and to provide one-dimensional east-west intensity variations. Then, using successive images, the intensity scans
through the zenith are subjected to a cross-correlation analysis, to obtain the eastward plasma bubble drift velocities.
More recently, Pimenta et al. (2001b) first linearized the OI
630 nm emission images using an appropriate geographic coordinate system and, after that, compared the east-west intensity variations in consecutive image slices to obtain the eastward plasma bubble drift velocities. They observed that the
space-time dynamics of the plasma bubbles led to changes in
their shapes and dimensions, which may induce errors in the
calculated plasma drift velocities. Pimenta et al. (2001b) discussed the different dynamic behavior observed between the
eastern and western walls of the intensity depletions, as seen
in the OI 630 nm emission linearized images. In this paper,
we present and discuss the latitudinal and seasonal variations
of the eastward plasma bubble drift velocities inferred using
the technique described in detail by Pimenta et al. (2001b).

2

Instrumentation and data analysis

All-sky monochromatic/multi-spectral wide-angle imaging
systems have been used for aurora and airglow studies during recent decades, with great success. There has been considerable improvement in their capabilities to observe very
faint and low contrast nightglow emissions, due to recent advances in CCD detectors (Mendillo et al., 1997b; Garcia et

with the all-sky imaging system (from the Utah State University, Taylor et al., 1997) which carried out regular observations at Cachoeira Paulista (22.7◦ S, 45.0◦ W; 15.8◦ S
dip latitude), Brazil, since 1998, provided time evolution and
spatial variations of selected atomic or molecular emissions
over a wide sky area. Since the emission layers are originated at quasi-fixed heights, with a range of altitude varying
from 10 to 50 km, it is possible to study the dynamics and
spatial-temporal variations of irregularities that occur in this
particular height region.
The imaging system used to record the space-time nightglow variations, in the present study, has a large CCD area
(6.45 cm2 ), with high resolution and a 1024 × 1024 backilluminated array having a pixel depth of 14 bits. The images
have been binned on-chip down to a 512 × 512 resolution, to
enhance the signal-to-noise ratio and are recorded at intervals
of 7 min, with a 90-s exposure time rate.
Figure 1a shows an example of the OI 630 nm emission
image recorded at Cachoeira Paulista. The quasi-north-south
magnetic field-aligned airglow depletions (dark structures)
seen in the image are the optical signatures of the plasma
bubbles. It is noted that the image appears curved and compressed at low elevation angles (image edge), and the image
is inflated at high elevation angles (around zenith). Thus, the
raw image is distorted with respect to the radius. In order to
calculate the east-west drift velocities of the plasma bubbles,
as a function of local time, we first transform the raw image into a geographic grid image (Cartesian coordinate system), using the linearization method described by Garcia et
al. (1997). Figure 1b shows an example of the transformed
image, after being linearized. Notice that the processed image area is 1320 km × 1320 km, assuming that the OI 630 nm
peak emission layer is at 250 km. In this figure, it is possible
to see the quasi-north-south magnetic field-aligned plasma

A. A. Pimenta et al.: Equatorial F-region plasma depletion drifts
13

2317

Red 23:56:59 LT
Blue 00:11:15 LT

West

East

Red 23:56:59 LT
Blue 00:18:23 LT

Red 23:56:59 LT
Blue 00:25:32 LT

West

East

East

West

Red 23:56:59 LT
Blue 00:54:04 LT

West

East

Fig. 2. East-west intensity scans, through zenith, of five consecutive images (lineralized images corresponding to a mapped area of the
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plasma bubble drift velocities at several latitudes, by taking
equatorial region (Weber et al., 1980). From the spatial displacements of the dark structures, during successive images,
intensity scans in the east-west direction. From the analysis
of consecutive processed images (in the Cartesian grid), it is
we can infer the irregularity zonal drift velocities, which are
possible to determine the time variations of the zonal plasma
closely related to the ionospheric zonal plasma drift velocities. Also, the nighttime ionospheric plasma drift velocities
drift velocities at several latitudes, as shown in Figs. 1b and
2.
in the equatorial region are approximately equal to the thermospheric zonal winds (Rishbeth, 1971; Biondi et al., 1988).
The irregularities characterized by large-scale F-region
plasma depletions (plasma bubbles) extend several thousands
The plasma bubbles, which generally drift toward the
of kilometers across the magnetic equator, with east-west dieast, have their own internal space-time dynamics, leadmensions ranging from a few tens of kilometers to a few
ing to changes in their shapes, dimensions and wall struchundred kilometers, with fine structures in the range of a
ture/gradient. These structural variations with time may lead
few kilometers. It should be mentioned that the OI 630 nm
to errors in the calculated zonal drift velocities. Using radar
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side of the plasma bubble, as seen by the OI 630 nm emisvelocities for different OI 630 nm emission peak heights. It
sion, becomes broader and broader on the eastern side. The
is observed that, if the OI 630 nm emission peak height is
observed plasma bubble wall structures are similar to those
considered as 300 km, instead of 250 km, the plasma drift
reported by Mendillo and Baumgarder (1982), with the westvelocities increase by about 20%.
ern wall of the depletion having a steeper gradient than the
corresponding eastern wall. The changes in shape of the eastern wall could be associated with the strong thermosphere3 Results and discussion
ionosphere coupling which takes place in the bottomside of
the F-region. Therefore, an approach to obtain the time varia3.1 Zonal plasma drift
tion of the plasma drift velocities, based on the western wall,
reduces the effects due to the internal space-time dynamics
The occurrence of plasma bubbles, in the period May–
of the plasma bubble, since the OI 630 nm emission intensity
August (winter-time in the Southern Hemisphere), is a very
gradient, at the western wall, is more stable than the correrare phenomenon over the Brazilian sector (Sahai et al.,
sponding gradient at the eastern wall.
2000; Pimenta et al., 2001a). Thus, average monthly lati-
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Table 1. Observations around equinox and summer during moderate-to-high solar activity (October–March, between the years 1998–2000)
Month

# of nights of observations

# of nights of bubble occurrences

Average solar flux (F10.7)

October
November
December
January
February
March
Total

7
9
7
10
6
10
49

5
5
6
9
6
7
38

141
166
160
150
158
150

tudinal and nighttime variations of the plasma drift velocities can only be studied during the period from October to
March. The period and conditions of the observations studied in the present investigation correspond to geomagnetic
quiet conditions and moderate-to-high solar activity. Table 1
shows the details of the observations during the months studied, when strong plasma bubble occurrences are normally
present, as mentioned earlier (periods October–March, between the years 1998 to 2000).
The observed average latitudinal and nighttime monthly
zonal plasma drift velocities, from October to March, are
shown as contour maps in Fig. 5. The nocturnal variation patterns, for all months, show high eastward drift velocities in
the evening hours (20:00 to 22:00 LT), with the velocities decreasing gradually after 22:00 LT. However, the zonal plasma
drift velocities and their latitudinal distributions are different
for each month, characterizing monthly changes. The maximum zonal drifts velocities are observed during the evening
hours, having higher values (>150 m/s) during the months
of January, February and March, and, in general, such large
velocities are in the northward sector of the observation site.
As we move from October to February, the maximum velocity locations move to southward and higher velocities have
longer durations. During the month of March, the velocity
variations are again similar to the October conditions.
Figure 6 shows contour maps of the zonal neutral wind
velocities obtained from the HWM-90 model (Hedin et al.,
1991), for the same latitude region and months for which
data are presented in Fig. 5, in order to compare their magnitudes and shapes with the observed zonal drift velocities.
It is noted that both the monthly and nocturnal variations are
very similar.
Sahai et al. (1992) have reported observations of zonal
neutral wind velocities at Cachoeira Paulista, for the period March, 1988–December, 1989. The winds are eastward
throughout the night, for all the seasons, and are stronger
during the early part of the night. The nocturnal variations
show a monotonic decrease after midnight. The average solar activity for the present plasma bubble drift velocity observations is very similar to that of the zonal neutral wind
velocity observations presented by Sahai et al. (1992). A
comparison of the zonal neutral wind velocities inferred at
C. Paulista (Sahai et al., 1992) and the plasma bubble zonal
drift velocities, inferred in the present work, for equinox and

summer periods, shows that both the nocturnal variations and
the magnitudes are fairly similar.
Figures 5 and 6 give clear indications that the observed
zonal plasma bubble drift velocities and the zonal neutral
wind velocities (HWM-90 model) have similar latitudinal
and nighttime variations and this confirms the suggestion,
from theoretical considerations, that the nighttime zonal
plasma drift velocities, near the equator, are approximately
equal to the F-region neutral zonal winds (Biondi et al.,
1988). The zonal F-region wind dynamo drives the Pedersen currents and creates a vertical polarization electric field,
which forces the plasma to drift at nearly the same velocity as
the neutral wind velocity (Rishbeth et al., 1971). On the other
hand, the results reported in Fig. 5 supplement the Biondi
et al. (1999) by extending the measurements into the summer season. The results of this work suggest that the strong
coupling between the thermosphere and the ionosphere takes
place not only in equatorial region, as proposed earlier, but it
also extends to low latitude regions, including the equatorial
ionospheric anomaly region.
3.2

Plasma bubble wall dynamics

As mentioned before, plasma bubbles are F-region largescale irregularities that are quasi-north-south magnetic fieldaligned (see Fig. 1). The electron density in a plasma bubble
is substantially lower than the ambient ionospheric electron
density. The plasma bubble walls, considered here, are the
regions where there are strong plasma density gradients (see
Fig. 2), separating the inside and the outside of the plasma
bubble structures. In an effort to find the best way to correctly infer the plasma bubble drift velocities, using the OI
630 nm emission, we have investigated the differences in the
time evolution of the plasma bubble walls, as seen through
the 630 nm emission.
The lifetime of the atomic oxygen excited state O(1 D),
from which the OI 630 nm emission originates, is approximately 110 seconds, which is relatively large. Therefore, the
OI 630 nm emission images will show blurring effects, due to
O(1 D) diffusion, and spatial structures of the order of 30 km
or less will not be perceptible. However, it is expected that
the blurring effects will be equally experienced by both the
western and eastern walls of the plasma bubble and, therefore, the above mentioned progressive variation of the incli-
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nation (density gradient) of the eastern wall is not related to
the relatively large lifetime of the O(1 D) atoms.
It should be pointed out that, at nighttime, both the thermospheric zonal neutral winds and the F-region plasma usually blow eastward, with nearly similar velocities. However,
reduced plasma density inside the bubble decreases the ionneutral interaction, which may result in slightly higher neutral wind velocities inside the bubble. Therefore, it is possible that the leading edge of the plasma bubble (eastern wall)
undergoes a more strong interaction with the flowing neutral
atmosphere. The extra momentum transfer from the wind to
the plasma, at the eastern wall, may contribute to the widening of the plasma bubble on the eastern side, which is reflected as the progressive variation in the eastern wall inclination. Also, this strong interaction at the eastern wall possibly contributes in the decay phase of a plasma bubble and its
lifetime.
It is felt that simultaneous all-sky imaging observations of
the F-region emissions OI 777.4 nm (which peaks at the Fregion peak height) and OI 630 nm (about one scale-height
below the F-region peak), as well as measurements of thermospheric neutral winds (both zonal and meridional), will
be important for a better understanding of the plasma bubble
onset, evolution, dynamics and decay.
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mum eastward drift velocity is about 170 m/s and occurs
at 20:40 LT in summer at about 18◦ S. After midnight,
the eastward plasma bubble drift velocities decrease for
both seasons (equinox and summer), but during equinox
they reach lower velocities than in summer.
3. The observed zonal plasma bubble drift velocities and
the zonal neutral wind velocities, obtained from the
HWM-90 model, show similar patterns, indicating a
strong thermosphere/ionosphere coupling at low latitudes, including the equatorial ionospheric anomaly region.
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