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Abstract. We present a case study of unusual spread-F
structures observed by ionosondes at two equatorial and
low-latitude Brazilian stations – São Luís (SL: 44.2◦W,
2.33◦ S; dip angle: −6.9◦) and Fortaleza (FZ: 38.45◦W,
3.9◦ S; dip angle:−16◦). The irregularity structures observed
from midnight to postmidnight hours of moderate solar ac-
tivity (F10.7< 97 sfu, where 1 sfu= 10−22 W m−2 s−1) have
characteristics different from typical post-sunset equatorial
spread F. The spread-F traces first appeared at or above the F-
layer peak and gradually became well-formed mixed spread
F. They also appeared as plasma depletions in the 630.0 nm
airglow emissions made by a wide-angle imager located at
the nearby low-latitude station Cajazeiras (CZ: 38.56◦W,
6.87◦ S; dip angle: −21.4◦). The irregularities appeared first
over FZ and later over SL, giving evidence of an unusual
westward propagation or a horizontal plasma advection. The
drift-mode operation available in one of the ionosondes (a
digital portable sounder, DPS-4) has enabled us to analyze
the horizontal drift velocities and directions of the irregular-
ity movement. We also analyzed the neutral wind velocity
measured by a Fabry–Pérot interferometer (FPI) installed at
CZ and discuss its possible role in the development of the
irregularities.

1 Introduction

Equatorial spread F, representing small-scale to large-scale
plasma irregularities, has been extensively studied for sev-
eral decades. Large-scale plasma irregularities, specifically
known as equatorial plasma bubbles (EPBs), are known to be
associated with equatorial spread F. In the Brazilian equato-
rial sector, characterized by large negative magnetic declina-
tion, spread F and EPBs have high occurrence rates during lo-
cal summer and equinoctial months (Abdu et al., 1981a; Sa-
hai et al., 2000; Sobral et al., 2002). However, during low so-
lar activity conditions, there is a class of spread-F and plasma
irregularities regularly observed in distinct longitudinal sec-
tors, such as Brazil (Candido et al., 2011), Africa (Yizen-
gaw et al., 2013), and Asia (Nishioka et al., 2012). They are
known as postmidnight plasma irregularities (PMIs), which
occur mostly in the June solstice. Comprehensive reviews on
postmidnight plasma irregularities and plasma irregularities
have been recently published by Otsuka (2017) and Balan et
al. (2018).

PMIs occur under conditions considered unfavorable for
the development of the Rayleigh–Taylor (RT) instability,
since at night the vertical plasma drifts are downward ow-
ing to the westward electric fields. In recent years, a vari-
ety of works have reported their occurrence both at low lat-
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itudes and the equatorial region. Otsuka and Ogawa (2009)
and Nishioka et al. (2012) investigated PMIs over Indone-
sia and discussed their possible sources. Li et al. (2011) re-
ported these irregularities observed over Hainan, China, dur-
ing low solar activity. Candido et al. (2011) presented a study
of PMIs observed over the south crest of the equatorial ion-
ization anomaly (EIA) during low solar activity, in Cachoeira
Paulista (CP), Brazil. Yokoyama et al. (2011) studied unusual
patterns of echoes from coherent scatter radar data occurring
around midnight during the solar minimum period. They ob-
served two principal types of irregularities: upwelling plumes
and striations similar to mesoscale traveling ionospheric dis-
turbances (MSTIDs). They have argued that the former can
be generated by RT instability (at the equatorial region) or
Perkins instability (at the midlatitude region) and the later
only by Perkins instability. Yizengaw et al. (2013) presented
a study of PMIs over equatorial Africa and also investigated
their most probable causes. Dao et al. (2016) reported the oc-
currence of postmidnight field-aligned irregularities (FAIs)
in Indonesia during low solar activity in 2010.

Many instrumental techniques are currently providing
high-quality measurements and results for ionospheric stud-
ies. Early investigations of the ionosphere observed diffuse
echoes in data from measurements using ionosondes, which
are high-frequency radars used for ionospheric sounding
(Breit and Tuve, 1926; Booker and Wells, 1938). The term
“spread F” is widely used to generically refer to the irregular-
ities observed in equatorial and low-latitude regions. Nowa-
days, digital ionosondes are extensively used for ground-
based sounding of the ionosphere, providing information
from the E region to the peak of the F layer, over a variable
range of frequencies as well as features related to the prop-
agation of the irregularities (Reinisch et al., 2004; Batista et
al., 2008; Abdu et al., 2009). Equatorial spread F has been
extensively studied for several decades, and it is known to be
associated with the occurrence of large-scale plasma irregu-
larities or equatorial plasma bubbles (EPBs).

Optical imaging of thermospheric emissions, like that used
in this work, is also a useful ground-based technique for
studying thermosphere–ionosphere processes. All-sky imag-
ing systems provide images of thermospheric emissions
(e.g., OI 630 nm, OI 777.4 nm emissions) at ionospheric
heights over a large horizontal extent. The OI 630 nm emis-
sion comes from recombination processes between molec-
ular oxygen and electrons and presents a volumetric emis-
sion rate, which peaks at an altitude of ∼ 250 km around the
F layer at the bottom-side height. In this way, variations in
the intensity of the emission (dark and bright regions) are
used as tracers of ionospheric irregularities, such as EPBs,
or other disturbances, such as traveling ionospheric distur-
bances – TIDs (Pimenta et al., 2008; Abalde et al., 2009;
Makela et al., 2010; Candido et al., 2011; Chapagain et al.,
2012).

For clarity for the present study, which presents a distinct
pattern of spread F from those usually observed in equatorial

ionograms, we first address the current state of understanding
regarding spread-F signatures in ionosonde data.

It is currently accepted that there are two main spread-F
types: range- and frequency-type spread-F traces (Abdu et
al., 1998). The range type of spread F, often associated with
the occurrence of medium- and large-scale irregularities, in-
cluding EPBs, is comprised of trace patterns with the echoes
spread in range and with the onset beginning at the lower-
frequency end of the F-layer trace in ionograms. During
the spread-F season in Brazil between October and March,
evening pre-reversal enhancement in the zonal electric field,
and therefore in the F-layer vertical drift, attains large val-
ues, and the range type of spread F is observed in equato-
rial ionograms, followed by their appearance at the crest re-
gion of the EIA, which is located around Cachoeira Paulista
(CP: 22.4◦ S, 45◦W; dip angle:−37◦). During the remaining
part of the year, when the vertical drifts are minimal (Batista
et al., 1996), spread F is restricted to the height region be-
low the F-layer peak, rarely reaching the topside ionosphere,
and is therefore observed only close to the dip Equator. This
type of spread F is usually classified as bottom-side spread
F (Valladares et al., 1983). The other typical spread-F pat-
tern observed in equatorial ionograms is the frequency type
of spread F. In this case, the spread-F echoes are seen at fre-
quencies around the F-layer critical frequency (foF2). It is
believed to be associated with smaller-scale decaying irregu-
larities following spread-F EPBs (Abdu et al., 1981b).

Some studies have pointed out that frequency-type spread
F can sometimes be associated with patches of ionization
propagating eastward (MacDougall et al., 1998). However,
other spread-F patterns are frequently observed in solstices
in distinct longitudinal sectors as reported in Brazilian (Can-
dido et al., 2011; MacDougall et al., 2011), Asian (Yokoyama
et al., 2011), African (Yizengaw et al., 2013), and Peru-
vian (Zhan et al., 2018) sectors. Also, it is known that both
frequency and range spread-F types can appear simultane-
ously as a mixed spread-F pattern. In this work, we present a
case study on an unusual (anomalous) spread-F and plasma
irregularity–depletion pattern observed over the equatorial
region. We use the term “unusual” in the sense that the ob-
served features are distinct from those typically observed for
spread F associated with post-sunset spread F, as described
above. Although the unusual type of spread F has been recog-
nized since early studies of the equatorial ionosphere (Munro
and Heisler, 1956; Heisler, 1958; Calvert and Cohen, 1961;
Bowman, 2001), this is the first time that it is reported for the
Brazilian equatorial region with simultaneous airglow obser-
vations, which reveal important ionospheric characteristics
not available when using only ionosonde data. Earlier stud-
ies extensively reported the occurrence of anomalies in F-
layer traces, such as cusps, F2 forking, and their possible as-
sociation with TIDs. Calvert and Cohen (1961) presented a
comprehensive study of the distinct spread-F patterns. They
concluded that the distinct configurations or shapes of spread
F were associated with scattering in the vertical east–west
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plane from field-aligned irregularities and that the spread-F
pattern depends on the position relative to the ionosonde and
the scale sizes of the irregularities.

2 Data and methods

2.1 Digisondes

We analyzed ionograms from two digisondes (DPS-4) oper-
ated at two Brazilian equatorial sites, São Luís (SL; 44.2◦W,
2.33◦ S; dip angle: −6.9◦) and Fortaleza (FZ; 38.45◦W,
3.9◦ S; dip angle: −16◦), which are separated in the east–
west direction by∼ 600 km. Both instruments provided iono-
grams at a 10 min cadence. The DPS-4 also performs echo
directional studies based on Doppler interferometry, which
provides information about the drift velocities associated
with irregularities. The operation of each digisonde is based
on the transmission of pulses at digital frequencies from 1 to
20 MHz that are reflected from the ionosphere at plasma fre-
quencies lower than foF2. The maximum height range of the
ionograms can be set at ∼ 700 or ∼ 1400 km, for which the
resolution is ∼ 5 and ∼ 10 km, respectively. The ionospheric
true heights are calculated by an inversion method imple-
mented by the ARTIST software (Reinisch et al., 2005).
Manual scaling of the data can be performed by editing the
ionograms using the SAO Explorer software (Galkin et al.,
2008). The interferometry system used by the digisonde re-
ceivers is comprised of four small-spaced antennas for sig-
nal reception arranged in a triangle with one antenna at the
center. The signals from each antenna are Fourier analyzed
to identify echoes with different Doppler frequencies (for
more details, see Reinisch et al., 2004). The Drift Explorer
software determines the location of the source regions of
the spread-F echoes for each Doppler component. The iono-
grams present a color code showing the direction of echoes
that form the spread F. The sky map and drift data collected
after the ionogram are derived from the measured Doppler
frequency and angle of arrival of reflected echoes. Special
processing software enables us to plot sky maps showing
the location of all reflection sources. Drift Explorer also pro-
vides plots of the drift velocities (zonal, vertical, and merid-
ional components). For more details about digisonde sound-
ing modes and drift measurements, see Reinisch et al. (2005)
and references therein.

2.2 Wide-angle imaging system

The airglow images of the OI 630 nm emission used in this
study were measured by a Portable Ionospheric Camera and
Small-Scale Observatory (PICASSO) wide-angle imaging
system deployed at Cajazeiras (CZ: 6.87◦ S, 38.56◦W; dip
angle:−21.4◦), located about∼ 352 km to the south of FZ. It
is a miniaturized imaging system that measures the 630.0 and
777.4 nm nightglow emissions. Since the 777.4 nm emission
is generally very weak during solar minimum conditions, we

use only the 630.0 nm emission image data for this study.
The PICASSO images are captured on a 1024×1024 Andor
DU434 charge-coupled device (CCD) with a spatial resolu-
tion of approximately 1 km (azimuthal) over the entire field
of view. The spatial resolution in the radial direction varies
from ∼ 1 to ∼ 5 km from zenith to the edge of the field of
view. The noise contributions from dark current are reduced
by cooling the CCD to at least−60 ◦C. The exposure time for
each image is 90 s, and dark images are taken frequently to
remove noise and read-out biases. For details about the data
processing from a similar PICASSO installation, see Makela
and Miller (2008).

2.3 Fabry–Pérot interferometer (FPI)

FPIs are optical instruments that measure the spectral line
shape of the 630.0 nm emission at around 250 km of alti-
tude and are very useful to study thermospheric winds from
Doppler shifts in the emission’s frequency. For more details
on the FPI technique, see Fisher et al. (2015) and references
therein. Investigation of the departures of the background
wind system can be useful to explain possible sources of
the F-uplifts associated with late-time RT instability. For this
purpose, we analyzed the behavior of the neutral winds over
the equatorial region taken from a ground-based FPI installed
in CZ.

3 Observations

3.1 Spread F, F-layer height, and plasma densities

We present a case study of a spread-F event that oc-
curred in the June solstice of 2011 during a geomagnetically
quiet (6Kp= 11) night and low solar activity with mean
F10.7= 97 SFU (SFU is solar flux unit: 10−22 W m−2 Hz−1).
Figure 1 shows a sequence of ionograms on 25–26 July 2011
from 00:40 to 03:10 LT over SL (top panel) and over the
FZ low-latitude site (bottom panel); from 25 July 2011 at
22:00 LT to 26 July 2011 01:30 LT, the presence of unusual
spread-F patterns is observed. Over SL, the first spread-F
trace appears at 01:00 LT at an oblique angle close to or
above the F-layer peak at a virtual range of 600 km. Over the
next hour, this structure gradually moves closer to the station
SL, finally merging with F-layer bottom-side echoes and be-
coming a well-formed spread-F trace. During the spread-F
development, it is possible to observe an apparent small in-
crease in the F-layer heights. Finally, at the end of the spread-
F event, around 02:50 LT, we observe a decreased foF2 and
the appearance of an Es layer. We notice a very similar evo-
lutionary pattern of the structures in the FZ ionograms as in
those obtained from SL. However, the first spread-F traces
appeared over FZ around 22:20 LT, much earlier than over
the equatorial site, SL. These echoes from FZ lasted for about
3 h. The spread-F echoes gradually move closer to the station
or downward to form a well-structured spread-F pattern.
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Figure 1. Sequence of ionograms obtained on 25–26 July 2011 at São Luís (SL) from 00:40 to 03:10 LT and over Fortaleza (FZ), Brazil,
from 22:00 to 01:30 LT. The spread F shows an unusual pattern, with oblique echoes. The color scale in FZ ionograms indicates that echoes
are coming from the east and propagating westward.

An important point to consider is the local ionospheric
background in which the spread F occurred. The F-layer pa-
rameters, h′F (virtual height of the F-layer bottom side, in
kilometers), hmF2 (the real height of the F-layer peak, in
kilometers), and foF2 (the F-layer critical frequency; MHz)
for both stations are shown in Fig. 2 from 18:00 to 06:00 LT.
Over SL an uplift of the F layer was observed between
21:00 and 23:00 LT, not associated with any spread-F echoes.
Around 21:00 LT at FZ, we may note some wave-like oscil-

lations in the F-layer height (notable in hmF2) with a period
on the order of 1 h. The first spread-F trace at oblique angles
(and perhaps above the F2 peak) appeared just after these os-
cillations, as shown by the blue lines connecting the h′F and
hmF2 curves.

On the other hand, over FZ, where heights are lower than
at SL, we observe stronger wave-like oscillations in both
h′F and hmF2 3 h earlier than observed at SL. The F-layer
critical frequency decreased for both stations, as is expected
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Figure 2. F-layer parameters h′F (km), hmF2 (km), and foF2 (MHz)
on 25–26 July 2011 obtained from the digisondes at SL (a) and
FZ (b).

for this period. At the beginning of the spread-F occurrence,
the foF2 was as low as 4 MHz, corresponding to an electron
density of 1.98× 105 electrons per cm−3. The parameter fxI
(not shown), or top frequency of spread F, which is the high-
est frequency of spread-F echoes, reached values not higher
than 4.5 MHz over SL but reached values around 6.0 MHz
over FZ, which means a higher plasma density at this re-
gion. Moreover, after the spread F ceased, it was possible
to observe the recovery of the plasma frequency and density
over FZ sooner than over SL, as shown in both panels around
05:30 LT.

3.2 Depletions in the airglow OI 630.0 nm emission

Figure 3 shows a sequence of four images of the OI 630.0 nm
emission collected on 25–26 July 2011 at Cajazeiras (CZ:
center of the frame), Brazil. The images are projected over a
geographic map of Brazil assuming an emission altitude of
250 km. The sites of FZ and SL are also indicated in the im-
ages for reference. Between 23:12 and 01:26 LT at least two
depletions (dark regions passing over FZ and CZ) can be ob-
served propagating westward. These depletions propagated
over FZ and CZ at 23:12 LT, in agreement with the spread-F
traces seen in the ionograms from FZ.

3.3 F-layer irregularity drifts – directions and
velocities

Automatic drift-mode routines were used to obtain informa-
tion about the location of echo sources in the F layer asso-
ciated with plasma irregularities. These routines provide in-
formation about the distance of the reflected echoes using
measurements of the radar ranges to the vertical and oblique
echoes as well as their directions, as described by Reinisch
et al. (2004). The distribution of the echoes can be displayed

Figure 3. Sequence of OI 630 nm images showing the time evolu-
tion of depletions on 25–26 July 2011 between 23:12 and 01:26 LT
at Cajazeiras, Brazil. The images are projected onto geographic co-
ordinates over the Brazil map. In the plot, FZ is Fortaleza, SL is
São Luís, and CZ is Cajazeiras. Arrows indicate the propagation
direction of the depletions (dark regions passing over FZ and CZ).

in sky maps, as shown in Fig. 4. Sky maps between 00:12
and 00:42 LT were constructed using data from FZ during
the spread-F event studied; reflected echoes appear and are
distributed in a west–east elongated pattern covering a total
horizontal distance of 1200 km (from west to east). It may be
noted that, in general, negative Doppler velocity (yellow) of
the echoes dominates the western azimuth, while the eastern
azimuth is dominated by positive Doppler velocity (blue), a
characteristic indicative of an overall westward motion of the
irregularity structures. Additional directional information is
obtained from the temporal evolution of each spread-F echo
in plots of the horizontal distance of the echoes (horizontal
axis) as a function of time (vertical axis), presented as di-
rectograms. A directogram for the night of 25–26 July 2011
constructed using data from FZ is shown in Fig. 5. Each hor-
izontal line of the directogram corresponds to a single iono-
gram. The spread echoes are distributed to the east and west
of the station mainly from 23:00 to ∼ 01:00 LT, although
there is a sparse distribution between 21:00 and 23:00 LT.
The color codes at both sides indicate the location (east or
west) and the incoming and outgoing direction (arrows) of
the reflectors (irregularities); for example, the first echoes
are seen at the zonal distance of ∼ 320 km between 23:00
and 23:30 LT coming from the east (red squares). The color
code indicates they are to the east of the station coming from
the east side. Also, there are echoes to the east of the sta-
tion that come from the northeast to NNE direction. Among
these echoes, there are only a few points that are going east-
ward (blue points). From 23:30 to 01:30 LT, there are echoes
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Figure 4. Sky maps registered over FZ from 00:12 to 00:42 LT on 26 July 2011, showing the echo locations and Doppler frequencies (color
coded) for F-region echoes from digisondes. Doppler velocities are positive (negative) for irregularities arriving (leaving) the station.

to the west, which gradually disappear after 02:00 LT. The
color code to the left shows that they are to the west of the
station and going westward. Thus, the echoes present a mean
westward propagation. We point out that the horizontal dis-
tance range limit is around 600 km, which corresponds to an
antenna beam angle of approximately 45◦, as is seen in the
directograms in Fig. 5, and hmin is the spread-F reflection
height.

The unusual spread-F echoes were observed at both equa-
torial sites, SL and FZ, with a zonal separation of ∼ 600 km.
The first spread-F trace was observed at 22:20 LT over FZ
and later at 01:00 LT over SL. This lag of ∼ 2 h 40 min
suggests an average westward drift velocity component of
∼ 63 ms−1. The DPS-4 drift mode provides the full-vector
Doppler velocity for the observed echoes. Figure 6 shows the
variation of the Vz (vertical component) and Vy (zonal com-
ponent) velocities taken from measurements of the digisonde
(DPS-4; drift mode) from 22:00 LT on 25 July 2011 to
04:00 LT on 26 July 2011. Positive (negative) Vy veloci-
ties represent eastward (westward) propagation. |V | repre-
sents the total drift Doppler velocities (< 60 m s−1), while
the maximum vertical upward component is∼ 30 m s−1. The
zonal velocities inferred from Drift Explorer agree well with
the estimate obtained from the difference in onset times of
spread-F echoes between SL and FZ, with a mean value of
∼ 55 m s−1 during the event. Figure 6b is the vector diagram
with the variations of the mean total electrodynamical drift
velocity (see Balan et al., 1992). For clarity, the vector length
is fixed, and the information on |V | is represented by the con-

centric circles (arrow start point). As is observed, the vec-
tor is found to rotate anticlockwise, starting in the east-up
sector in the night and reaching the west-up sector postmid-
night. Velocities extracted from the airglow images obtained
from CZ are shown in Fig. 6c. In order to estimate the ve-
locity of the depletion structure, the individual images were
processed by first spatially registering the 630.0 nm images
using the star field. After removing the stars from the im-
ages using a point suppression methodology, the images were
projected onto geographic coordinates assuming an airglow
emission altitude of 250 km (for details on the analysis tech-
nique, see Chapagain et al., 2012). The depletion structure
was selected in consecutive images to find the zonal shift of
the structures from which the velocity was estimated. The
estimated zonal propagation velocity was ∼ 60 m s−1, which
agrees well with the velocities determined by the Doppler
technique of the digisonde. We should keep in mind that the
digisonde Doppler technique determines the mean irregular-
ity motion, while the velocities from the airglow technique
estimate the mean propagation of the plasma depletion.

Besides the capabilities of the digisonde to sound and de-
tect the occurrence of plasma irregularities seen in the iono-
grams as spread-F echoes, the F-region height variations,
and their vertical drifts, there is a method that uses the true
heights to obtain information about gravity wave oscillations
at specific plasma frequencies. The true heights are extracted
from virtual heights by an inversion algorithm used in the
SAO Explore software. This method was described in detail
by Abdu et al. (2009) in a comprehensive study about the in-
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Figure 5. Directogram for Fortaleza on 26 July showing the location and the horizontal distances of the irregularities detected by digisonde
and seen in the ionograms as spread F. At left is the F-region height (km), where hmin is the spread-F reflection height. Color code with
arrows indicates the direction from which the irregularities are coming or to which the irregularities are moving.

fluence of gravity waves on the equatorial spread F. In their
work, the same both locations were analyzed: the off-Equator
station FZ and the equatorial station SL. Because both sta-
tions are more separated in longitude than in latitude, it was
assumed that GW oscillations observed in the bottom-side F
layer in FZ could have the same features at SL, considering
a few differences attributed to the magnetic field inclination
at each one. In this work, we also took advantage of the si-
multaneous digisonde sounding at these stations in order to
verify the possible influence of GWs as a precursor to in-
stability growth, which leads to the late development of the
spread F studied.

Figure 7 presents the oscillations in F-layer true height at
fixed frequencies (1.5–5.0 MHz) at both stations, SL and FZ.
It is possible to observe oscillations prior to the development
of spread F, especially in FZ, with periods around 1 h, which
will be discussed later in Sect. 4.3.4.

3.4 Thermospheric winds

Figure 8 shows the measured thermospheric zonal (top panel)
and meridional (bottom panel) wind on 25–26 July, taken
from the FPI installed in CZ, the same location where the air-
glow images were obtained. The shaded region encloses the
standard deviation of the monthly average; the green lines
are the average winds on 25–26 July (±2 d), and the red
line is the measurement for 25–26 July. It is observed that
on 25–26 July between 22:00 and 01:00 LT the zonal wind
is abnormally eastward (∼ 100 m s−1), while the meridional
wind departs from the monthly and daily variation average.
From this, we can consider a possible balance between the

zonal and meridional wind component to be responsible for
plasma advection (plasma movement) from low-latitude to
equatorial regions, which might have maintained the F layer
at a higher altitude, as discussed by Nicolls et al. (2006). This
apparent uplift observed at both stations around 00:00 LT
might have caused the growth of the late RT instability and
the PMIs.

4 Discussion

We present an unusual event of PMI and spread-F deple-
tions over the equatorial site in Brazil that exhibits singu-
lar features. This is the first report of such a distinct pat-
tern of spread F for the Brazilian equatorial region, though
it was observed earlier at the low-latitude station CP (Brazil)
for the solar minimum 2008–2009 by Candido et al. (2011).
By distinct we mean that it occurs in postmidnight hours
propagating westward, which is not usually observed dur-
ing solar minimum unless there is a previous eastward EPB
structure propagation, as mentioned by Paulino et al. (2010).
A careful analysis of equatorial ionograms and other plots
from digisonde soundings suggests modifications in the iono-
spheric plasma density structuring, such as those associated
with plasma density depletions, which are responsible for a
variety of spread-F-layer patterns.

4.1 Depletions in the airglow OI 630.0 nm images

Airglow images show an apparent southwestward propaga-
tion of depletions on this night, which differs from the typ-
ical propagation direction of post-sunset EPBs. However,
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Figure 6. (a) Vertical (Vz), zonal (Vy ), and total (|V |) drift veloci-
ties on 25–26 July 2011 over FZ from 22:00 to 04:00 LT. Vy > 0 is
eastward. (b) Vector diagram showing the variations and directions
of the mean total drift velocity of the irregularities seen as spread
F in ionograms. For clarity, the |V | values are represented by the
arrow start points. (c) Zonal drift velocities obtained from the de-
pletions seen on the OI 630.0 nm emission images obtained at CZ
on 25–26 July 2011 for comparison.

this atypical propagation can be a characteristic of postmid-
night depletions and needs further investigation with a long-
term airglow database. The depletions also propagated over
CZ (350 km south of FZ) with mean westward velocities
∼ 60 m s−1, which are similar to the propagation velocities
of the irregularities observed with the digisonde at FZ. Some
authors have demonstrated that EPBs can also present west-
ward propagation after midnight during quiet times (Paulino
et al., 2010; Sobral et al., 2011). However, those studies re-
ported that the depletions associated with EPBs should first
present movement to the east earlier in the evening and re-
versal westward at later hours. This is not the case for the
structures presented in this work since there are no deple-

Figure 7. Oscillations in the real height of the F layer at fixed fre-
quencies (1.5 to 5.0 MHz) before the spread F in São Luís (a) and
Fortaleza (b).

tions in the OI 630.0 nm images propagating eastward earlier
in the evening.

Moreover, Sobral et al. (2011) interpreted westward-
traveling plasma bubbles (WTPBs) observed in the same
region as associated with westward zonal thermospheric
winds (simulated results). On the other hand, Fisher et
al. (2015) presented a climatological study of quiet-time ther-
mospheric winds and temperatures with measurements of
the OI 630.0 nm airglow emission spectral line shape over
the same region. They noticed that during low solar activ-
ity (F10.7< 125 sfu), the zonal and meridional winds are, on
average, negligible in postmidnight hours. It is possible that
these differences could be attributed to departures from the
wind system, which could be responsible for the F-layer up-
lifts and plasma instability or irregularity development.

4.2 Spread F in ionograms

As mentioned before, spread-F echoes in ionograms gener-
ally appear first at the low-frequency end, as satellite traces,
evolving into spread-F echoes extended in frequency and
range. These characteristics were not seen in the present
study. In this work, the reflected echoes observed in the
ionograms first came from oblique directions and at heights
that could possibly be considered higher than those observed
overhead. The spread echoes appear at the higher-frequency
edge of the F layer, with a top frequency higher than the layer
critical frequency. Subsequently, the low-frequency edge of
the cusp merges with the main trace, while the baseline of
the spread-F traces gradually decreases in height. Anoma-
lous traces in F-layer ionograms, such as cusps or “spurs”,
were described in earlier studies as associated with travel-
ing disturbances in the ionosphere. Munro and Heisler (1956)
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Figure 8. Measured zonal and meridional winds in CZ, Brazil,
on 25–26 July 2011. The shaded region is the monthly average
with standard deviation; the green lines are the mean winds on 25–
26 July (mean of 2 d), and the red line is for 25–26 July.

and Heisler (1958) have observed the occurrence of anoma-
lous traces in ionograms and attributed them to manifesta-
tions of TIDs. As is well known, TIDs can be described as
frontal gravity waves propagating horizontally in the iono-
sphere, causing increases and decreases in ionization, i.e.,
horizontal gradients in ionization. According to Munro and
Heisler (1956), changes in ionization would be responsi-
ble for the anomalous traces in the F-layer ionogram. Sim-
ilar occurrences were reported by Ratcliffe (1956) for iono-
grams from Huancayo, Peru. Calvert and Cohen (1961) have
pointed out that some spread-F traces observed over Huan-
cayo presented characteristics similar to frequency spread F
from “temperate” latitudes, which is mainly associated with
TIDs. Also, they studied distinct configurations of spread
F with echoes coming from oblique directions, similar to
what is presented in this work. The oblique echoes observed
in ionograms alone could not provide their zonal direction
(from east or west). However, additional directional informa-
tion provided from the drift-mode sounding of the digisonde
(DPS-4) and their appearance first in the ionograms over

FZ, followed by their occurrence over SL (a western site
in relation to FZ), suggested that they propagated westward.
Late to pre-dawn spread F was also reported by MacDougall
et al. (1998) for solstices in the Brazilian sector. However,
they considered the occurrence of late-time spread F during
the December solstice at Fortaleza as patches of ionization,
which cause spread echoes at the high-frequency end or the
frequency spread F. They also concluded that the echoes did
not come from overhead structures but the east or west direc-
tions.

4.3 Postmidnight irregularities and F-region
background conditions

As is well known, poor alignment between the sunset termi-
nator and the magnetic field lines during the June solstice
in Brazil is responsible for the low occurrence rate of post-
sunset spread F and EPBs, since the vertical plasma drifts
are very weak. However, an occurrence peak of late-night
spread-F and/or plasma irregularities is observed in the June
solstice, especially around midnight and postmidnight. For
this, it is necessary to have an F-layer uplift, which creates
favorable conditions for the development of the RT instabil-
ity. These conditions are not entirely understood, and they
have been discussed by several authors (McDougall et al.,
1998; Nicolls et al., 2006; Abdu et al., 2009; Nishioka et al.,
2012; Yokoyama et al., 2011; Ajith et al., 2016).

During high solar activity, the longitudinal variation of
the declination angle is predominant on the F-layer verti-
cal drift and the occurrence of plasma irregularities, while
it is not essential during solar minimum. During low solar
activity and/or a solar minimum, in the absence of geomag-
netic disturbances, the seeding processes related to gravity
waves seem to be more critical, especially when the pre-
reversal enhancement (PRE) amplitude is small or absent
(Balachandran et al., 1992; Abdu et al., 2009). In this way,
we should address the conditions that precede the occurrence
of the postmidnight irregularities observed in this work. It is
noted that spread-F traces associated with plasma irregular-
ities were detected first at oblique directions at least 500 km
east or west from the station, as seen in the directograms in
Fig. 5, which we can consider to be ionospheric conditions
favorable in a wide longitudinal range.

4.3.1 Thermospheric winds

Nicolls et al. (2006) discussed the nocturnal F-layer uplifts
associated with the secondary maximum of the spread-F oc-
currence rate in low solar activity. As is well understood, the
nocturnal westward electric field is responsible for the down-
ward movement of the F layer. During solar minimum, these
electric fields can be easily reversed by a weak geomagnetic
disturbance. However, in the absence of the geomagnetic dis-
turbance, which is the case studied in this work, other sources
should be considered. Analyzing F-layer uplifts for different
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conditions of solar activity, Nicolls et al. (2006) verified that
during downward F-layer movement (decreasing westward
electric field), even a small contribution of a meridional equa-
torward wind (∼ 30 m s−1) could lead the F layer to higher
heights, triggering the RT instability.

Moreover, it was discussed that neutral winds could not
uplift the equatorial plasma directly, but they are sources of
meridional advection (movement) for plasma driven by a lat-
itudinal gradient in electron density and responsible for F-
layer uplifts. They concluded that the uplifts could be due
to the decreasing, not to the reversal, of the westward zonal
electric field associated with departures in the wind system
related to the midnight temperature maximum (MTM), re-
combination processes, and the plasma flux. In this way, we
analyze the zonal and meridional neutral wind variation in
Fig. 8 in order to verify that there are suitable conditions for
F-layer uplift. As is observed in Fig. 8 (top panel), the zonal
wind is ∼ 100 m s−1 just before midnight, while the merid-
ional wind (equatorward) is ∼ 30 m s−1 just after midnight
(bottom panel). There is evidence that the mean equatorward
meridional winds have kept the F layer at higher altitudes
long enough to trigger RT instability development.

4.3.2 Recombination processes – Rayleigh–Taylor
instability growth rate

Nishioka et al. (2012) discussed the causes of the postmid-
night uplifts that occurred during winter in Chumphon, Thai-
land (low latitude), and the postmidnight field-aligned irreg-
ularities (FAIs) in Kototaband, Indonesia (equatorial region).
As is well known, the zonal electric field is westward during
the night, as the vertical drift ExB is downward. This con-
dition leads to a negative RT instability growth rate. In this
way, it is crucial to address the importance of the term g/νin
in the linear growth rate of RT instability and the recombina-
tion processes, as shown in Eq. (1):

γ =

(
E

B
+
g

νin

)
1
L

(1)

where E is the electric field, B is the magnetic field, g is
the acceleration of gravity, νin is the ion-neutral collision fre-
quency, and L is the scale length of the vertical gradient of
the F-region plasma density. At night, the zonal electric field
is westward, as the growth rate can be negative; i.e., the F-
layer bottom side is stable. On the other hand, the term g/νin
may increase in the following conditions: (1) νin is propor-
tional to the neutral density, n, where n is smaller during the
night than the day; (2) νin is smaller at higher altitudes owing
to the decrease in nwith the height; and (3) νin is smaller dur-
ing low solar activity. Therefore, under the appropriate con-
ditions, the RT growth rate can be positive, although small,
as is observed in this work. To understand the recombination
processes as a source of F-layer uplift, the F-layer bottom
side should be considered eroded if it is at lower altitudes (at
∼ 300 km), such as when there is a decrease in peak density

Figure 9. F-layer plasma density profile for 25–26 July derived
from digisonde data and SAO Explorer data for several hours (LT).

and an increase in F-layer peak height. For clarity, we present
the F-layer density profiles in Fig. 9, taken from measure-
ments using the digisonde installed in SL. It is possible to
observe that from 22:00 to 00:00 LT, the F-layer peak height
and peak density decrease. As the F-layer bottom side is at
a lower height, an apparent F-layer uplift is observed, which
can be attributed to the recombination process at the bottom
side.

4.3.3 Es-layer electric fields

The role of the Es layer has been considered as a possi-
ble cause for late-time RT instability development. The low-
latitude Es layer can provide a sufficient polarization electric
field that maps to the equatorial F-layer bottom side, caus-
ing F-layer uplift, as pointed out by Yizengaw et al. (2013).
They interpreted the occurrence of late plasma irregularities
and EPBs over the African coast during the same period of
this work, the June solstice 2011, and discussed the fact that
during quiet geomagnetic nights, there were favorable condi-
tions for the action of polarization electric fields associated
with low-latitude Es-layer instability, which mapped to the
equatorial F layer along the geomagnetic field lines, seed-
ing RT instability and irregularities. In fact, in this work,
we can observe the occurrence of the Es layer at both quasi-
equatorial stations FZ and SL at around 00:00 and 02:50 LT,
respectively. However, the influence of Es layers on late-time
F-layer uplift in this work is not clear since they occur at the
same location as the spread F. Their influence on the post-
midnight spread F during solar minimum is worthy of inves-
tigation in further work.
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4.3.4 Mesoscale traveling ionospheric disturbances
(MSTIDs) and gravity waves (GWs)

MSTIDs have been reported at Brazilian low latitudes us-
ing airglow and ionosonde (Candido et al., 2008, 2011; Pi-
menta et al., 2008). They appear as large-scale dark bands
aligned from northeast to southwest, propagating northwest-
ward, mainly during low solar activity, and are associated
with electrodynamic forces at midlatitudes (Perkins insta-
bility); they can also be associated with the propagation of
gravity waves at ionospheric heights at low latitudes or in
the equatorial region. If they propagate at equatorial iono-
spheric heights, they can be seen as oscillations in the F-
layer bottom side and can trigger RT instability and plasma
bubbles. In this work, the plasma irregularities seen by the
ionosonde are preceded by small oscillations in the F-layer
bottom (h′F) and peak heights (hmF2). However, oscillations
are usually observed in the F-layer bottom side and should
be carefully considered in order to establish if they are asso-
ciated with GWs. Generally, they are considered associated
with GW if a downward phase propagation is observed in
the fixed frequency (isolines) plots; i.e., the oscillations are
seen first in the higher frequencies. Figure 7 shows the oc-
currence of oscillations in the F layer through some fixed
frequencies (isolines) at both stations FZ and SL, although
the downward propagation is not precisely apparent. On the
other hand, the spread-F pattern observed in this work is quite
similar to those reported by Candido et al. (2011) during the
descending phase and the solar minimum at low latitudes in
CP. This feature could suggest that they are caused by low-
latitude MSTIDs propagating equatorward or associated with
the action of polarization electric fields mapping from low-
latitude MSTID structures to the equatorial F-layer bottom
side. This kind of event was reported by Miller et al. (2009),
who studied the occurrence of EPBs on the same night of
the occurrence of MSTIDs propagating at midlatitudes and
attributed them to the action of the electric field from these
MSTIDs in the F-layer region. However, the depletions ob-
served in the OI 630 nm emission (Fig. 3) present distinct
features (propagation direction) like those associated with
MSTIDs coming from low latitudes reported by Candido et
al. (2011). Also, they are not similar to the depletions asso-
ciated with typical EPBs, which propagate eastward. Recent
results by Takahashi et al. (2018) reported the occurrence of
equatorial MSTIDs in high solar activity conditions (2014–
2015), which were associated with periodic plasma bubbles
in the total electron content (TEC) maps in the same region.
They showed evidence of tropospheric sources for the devel-
opment and propagation of GWs at ionospheric heights.

Finally, we should address the fact that, as shown in Figs. 2
and 7, late height rise (in both h′F and hmF2) with smaller-
amplitude waves is observed at SL starting at ∼ 21:00 LT
when the base height (h′F) increased to > 250 km. Such a
condition can be suitable for the growth of RT instability.
Over FZ, a similar sequence of variations occurred starting

at ∼ 20:00 LT in hmF2. Notice that h′F and hmF2 values
were significantly smaller than those at SL. However, it is
notable that the oscillations in the F-layer heights, especially
in hmF2 (with a period of around 40 min), that preceded the
spread-F traces (at both sites) are significantly higher in am-
plitude at FZ than at SL. This aspect can be noted in more
detail in the isoline plots of plasma frequencies presented in
Fig. 7, where the height oscillations show larger amplitudes
and occur at earlier local times at FZ than at SL. Such os-
cillations may be associated with gravity waves propagating
to ionospheric heights with preferential propagating direc-
tions to the northeast and southeast, as recently reported by
Paulino et al. (2016). These oscillations are indicative of seed
perturbations that lead to spread-F irregularity development
through the RT mechanism. Depending upon the amplitude
of the seed perturbation, even small increases in the F-layer
height that marked this period could be capable of seeding
RT instability and consequently generating the spread-F ir-
regularities (see, for example, Abdu et al., 2009). To explain
the nonlocal origin of the spread-F traces, as observed at both
sites, it will be necessary to assume that the precursor condi-
tions that existed at SL and FZ must have continued to exist
at a longitude extending further eastward of Fortaleza, per-
haps with some increase in intensity, so that the irregularities
generated therein and drifting westward could be the origin
of the oblique spread-F trace first observed over FZ and later
over SL.

It is plausible to consider the depletions observed in this
work to be associated with atypical EPBs triggered by GWs–
MSTIDs at locations to the east of FZ and SL or with F-layer
uplifts caused by departures from the wind system simultane-
ously with a weakening of the westward zonal electric field
(not shown here) during low solar activity. We should note
that the observational techniques used in this work are com-
plementary and validate each other to identify “anomalous”
spread-F patterns associated with plasma irregularities and
depletions, and they can also help us understand the iono-
sphere during low solar activity. The drift mode is advanta-
geous and suitable for tracking plasma irregularities and their
evolution in the absence of other techniques.

5 Summary and conclusions

In this paper, we have presented and discussed an unusual
spread-F pattern associated with unusual depletions on the OI
630 nm airglow emission observed during geomagnetically
quiet conditions during the June solstice of 2011 over the
equatorial region in Brazil. We summarize our findings as
follows.

1. The unusual spread-F pattern studied in this work
presents a distinct feature from those usually observed
at post-sunset hours, with spread F appearing first at the
higher-frequency edge of the F-layer trace to further de-
velop into a mixed (frequency and range) spread F.
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2. The spread F and depletions occurred during low-
plasma-density conditions, geomagnetically quiet
nights, and low solar activity; they propagated west-
ward. For the studied case, there is no evidence of
previous depletions propagating eastward.

3. The processes to generate spread F at equatorial lat-
itudes during quiet times seem to be associated with
later-time F-layer uplifts, possibly caused by departures
in the neutral wind system. In turn, departures in the
neutral wind system may be caused by increased auro-
ral activity, which in this present study may be asso-
ciated with the occurrence of a short-duration event of
high-speed stream (this possible influence is the sub-
ject of an ongoing study). Moreover, departures of the
wind system associated with a weakening of the west-
ward electric field, or with the propagation of GWs at
ionospheric heights, favor the development of late-time
RT instability. Further studies including simulations are
in progress.

4. The spread-F event discussed here presents character-
istics similar to those of earlier cases reported for the
low latitudes in CP (around the south crest of the EIA)
during the June solstice of solar minimum 2008–2009
by Candido et al. (2011), which were interpreted as the
signature of the propagation of midlatitude MSTIDs in
the ionograms.

5. The instrumental approach in this work seems to be suit-
able for further ionospheric studies, modeling, and fore-
casting during low solar activity.

Data availability. The processed data used in this work can be re-
quested from the author, Claudia M. N. Candido, by email: clau-
dia.candido@inpe.br. The authors thank the EMBRACE/INPE pro-
gram for the digisonde raw data, which can be downloaded from
http://www.inpe.br/embrace (last access: 30 June 2019). The air-
glow and Fabry–Pérot data should be requested from the author,
Jonathan Makela, by email: jmakela@illinois.edu.
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Appendix A: Abbreviations

SL São Luís
FZ Fortaleza
CZ Cajazeiras
CP Cachoeira Paulista
DPS Digital portable sounder
FPI Fabry–Pérot interferometer
EPBs Equatorial plasma bubbles
PMIs Postmidnight plasma irregularities
RT Rayleigh–Taylor
EIA Equatorial ionization anomaly
MSTIDs Mesoscale traveling ionospheric disturbances
FAIs Field-aligned irregularities
TIDs Traveling ionospheric disturbances
SFU Solar flux unity
LT Local time
UT Universal time
MTM Midnight temperature maximum
GWs Gravity waves
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