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Abstract

Tonospheric F-region irregularities can acutely affect navigation and communication systems. To develop predictive capabilities on
their occurrence, it is key to understand their variabilities in a wide range of time scales. Previous studies at low latitudes in South Amer-
ica have been performed mostly in the eastern region. However, there are still few reports on the spread-F over Argentina owing to a lack
of ionosonde data. This work presents the analysis of the spread-F (range spread-F and frequency spread-F) and plasma bubble occur-
rence characteristics near the southern crest of the Equatorial Ionization Anomaly in Argentina (Tucumadn, 26.8°S, 65.2°W; magnetic
latitude 15.5°S). We used ionosonde and Global Positioning System (GPS) data from November 2014 to December 2019 for different
solar and geomagnetic conditions. The data show that spread-F and plasma bubble occurrence rates peak in local summer and are min-
imum in equinox and winter, respectively. There is a negative correlation between each type of spread-F and solar activity, whereas the
opposite happens for plasma bubbles. Geomagnetic activity suppresses the generation of spread-F in equinox and summer and enhances
it in winter. Plasma bubble occurrence is higher during disturbed days than during quiet days, but under medium solar activity, summer
months register more plasma bubbles in quiet conditions. Range spread-F observed in winter under low solar activity is not associated
with plasma bubbles originated at the magnetic equator. These results contribute to the knowledge necessary to improve the prediction of
the spatial and temporal distribution of the night-time ionospheric irregularities.
© 2021 COSPAR. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Ionospheric irregularities are regions in the ionosphere
with electron density noticeably different from the back-
ground, caused by plasma instability processes. Their scale
sizes range from centimetres to hundreds of kilometres, and
the duration can vary between minutes and several hours.
The ionospheric irregularities have been an important sub-
ject of investigation since they were discovered (Booker
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and Wells, 1938), mainly due to their adverse effects on
communication and navigation systems. To mitigate this
negative influence is necessary to advance in the under-
standing of this ionospheric phenomenon and improve
our prediction capabilities.

If irregularities are present in the F region above an
ionosonde, a backscatter signature called spread-F may
be seen in ionograms. These are due to the presence of
km-scale irregularities. Spread-F can be classified into
bottom-side spread F, irregularities confined to the
bottom-side F region, and top-side spread-F, associated
with the generation of equatorial plasma bubbles (EPBs)
(Valladares et al., 1983; Woodman and La Hoz, 1976).


https://doi.org/10.1016/j.asr.2021.11.009
mailto:gilda.gonzalez@unsta.edu.ar
https://doi.org/10.1016/j.asr.2021.11.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.asr.2021.11.009&domain=pdf

G.L. Gonzdlez

EPBs are large-scale depletions of F region electron den-
sity. They are generated at the equator at the bottom-side
of the F layer and grow non-linearly into the topside. As
EPBs vertically develop, they propagate to low latitudes
aligned to the geomagnetic field lines, by effects of diffu-
sion, gravity and pressure gradient (Balan et al., 2018).
The effect of broadening in frequency is known as fre-
quency spread-F (FSF) and in height, range spread-F
(RSF), a mixed pattern can be also observed, and it is
referred as mixed spread-F (MSF), traces are broadened
in both range and frequency (Piggott and Rawer, 1978).

A Total Electron Content (TEC) depletion is a sudden
reduction of TEC followed by a recovery to a level near
the value preceding the depletion (Valladares et al.,
2004). Many researchers have pointed out that these are
a manifestation of EPBs (DasGupta et al., 1983; Tsunoda
and Towle, 1979; Weber et al., 1996; Shetti et al., 2019).
Global Positioning System (GPS) signal delays are propor-
tional to the TEC along the satellite-receiver line of sight.
Thus, GPS data can derive the TEC (Cepni et al., 2013;
Dashora and Pandey, 2005). Because of the magnetic lati-
tude of Tucuman, RSF and TEC depletions may be associ-
ated with plasma bubbles extending up to the top side of
the layer. FSF is related to smaller-scale decaying irregular-
ities near the F region peak (Abdu et al., 1981b). It is
important to note that a plasma bubble may not contain
small-scale irregularities during the late evening time. So,
during this period, it is possible to observe TEC depletions
but not spread-F.

At equatorial and low latitude regions, the generation of
ionospheric irregularities can be attributed to the gravita-
tional Rayleigh-Taylor instability mechanism (Balsley
et al., 1972; Dungey, 1956; Calvert, 1963). Their initiation
is related to the upward E x B drift and the uplifting of the
F-layer. These electric fields could be generated by the
ionospheric dynamo or imposed from the magnetosphere.
A condition for the generation of irregularities is that the
E layer conductivity cannot short out the driving electric
field. At sunset, the E layer at equatorial regions disappears
due to chemical recombination and the pre-reversal
enhancement in the eastward electric field (PRE) raises
the F layer rapidly. This creates favourable conditions for
the occurrence of irregularities. Besides the Rayleigh-
Taylor instability, a seeding process acting at the bottom
side of the F layer is required to initiate the perturbations.
Some possible seeding sources are gravity waves from the
lower atmosphere, medium-scale travelling ionospheric dis-
turbances (MSTIDs), large-scale wave structures (LSWSs)
and the solar terminator (Rottger, 1973; Taori et al., 2015;
Tsunoda et al., 2011).

Moreover, Tsunoda (1985) proposed that the seasonal/-
longitudinal distribution of the irregularities occurrence
rate depends on the magnetic declination angle, i.e., in
the geometry between the geomagnetic field line and the
terminator line. When the sunset terminator aligns with
the magnetic meridian, sunset is simultaneous at conjugate
E regions and the eastward polarization electric field is
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maximum, this enhances the vertical ExB drift. The low-
density plasma of the lower heights rises to the topside
ionosphere as plasma bubbles. Its latitudinal extension is
related to the apex height (equatorial crossing altitude) of
the bubble and, therefore, to the strength of the PRE
(Anderson and Haerendel, 1979; Mendillo and Tyler,
1983). The plasma density irregularities depend on local
time, season, latitude and longitude, and solar and geo-
magnetic activities, in addition to their day-to-day variabil-
ity (Abdu et al., 1985; Pietrella et al., 2017; Tsunoda 1985;
Yizengaw and Groves 2018). Therefore, the analysis of
their characteristics in different locations and periods is
essential.

The effects of solar and geomagnetic activities on
spread-F vary with latitude and longitude. Previous studies
investigated the relationship between the spread-F occur-
rence and the geomagnetic and solar conditions at low lat-
itudes using geophysical indices (Kp, Dst, F10.7 and Sn)
(Aquino and Sreeja 2013; Bowman and Mortimer 2003;
Kotulak et al., 2020). Whalen (2003) suggested that plasma
bubble occurrence decrease with the Kp index during equi-
nox and December solstice in South America. Becker-
Guedes et al.(2004) discussed the spread-F occurrence dur-
ing geomagnetic storms at three stations in the eastward
Brazilian sector. They concluded that during the low equa-
torial plasma bubble occurrence season and transition sea-
son, the geomagnetic activity helped in the generation of
plasma bubbles and inhibited it during the high plasma
bubble occurrence season. Abdu et al. (1998) examined
data from three stations in South America, including Tucu-
man, for four intervals: 1980-81 (F10.7 = 161.5) and 1988—
89 (F10.7 = 173.8) representing solar maximum conditions,
and 1984-85/1986-87 (F10.7 83.7/73.6) representing
solar minimum conditions. Their results showed that there
was an increase in the spread-F occurrence rate with solar
flux. Also, the spread-F occurrence was maximum in the
summer months at Tucuman.

Several researchers have studied the occurrence of F
region irregularities over the equatorial ionization anomaly
(EIA) crest region in different longitudinal sectors, using
data from a wide variety of diagnostic techniques: iono-
sonde, ground-based Global Navigation Satellite System
(GNSS), optical imaging techniques, radar observations
and in situ satellite measurements (Cueva et al., 2013; Li
et al., 2020; Muella et al., 2010; Pietrella et al., 2017;
Reinisch et al., 2004; Sahai et al., 1994; Timogin et al.,
2020; Weber et al., 1978). They found that multiple factors
control the occurrence of irregularities such as the pre-
reversal enhancement (PRE), seed perturbations, density
gradient at the F layer bottom side, the trans-equatorial
winds and the altitude of the F layer (Farley et al., 1970;
Fejer et al., 1999; Yokoyama et al., 2004).

In the Brazilian region, earlier works showed a high
plasma bubble occurrence rate during the December sol-
stice and a low occurrence during the June solstice (Abdu
et al., 1998; Sahai et al., 1994). Chum et al. (2016) exam-
ined the spread-F behaviour over Tucuman and Taiwan
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in 2014 based on measurements by continuous Doppler
sounding. They observed the highest occurrence rate from
September to March in Tucumdn, and around equinoxes in
Taiwan. Alfonsi et al. (2013) performed spread-F statistics
of occurrence at Tucuman during October 2010-September
2011. They reported that the occurrence of all types of
spread-F was maximum in local summer and minimum
in local winter.

Although many researchers have discussed the charac-
teristics of ionospheric irregularities at low latitudes, some
aspects still need to be further investigated to better under-
stand the spatial and temporal variability of spread-F and
plasma bubbles. Therefore, the analysis of large data sets
for various solar and magnetic conditions is useful. In
South America, most studies have been done for the east-
ern Brazilian region, characterized by a magnetic declina-
tion angle of ~ 20°W. Whereas the magnetic declination
angle in Tucuman is ~ 7°W. Albeit some works have exam-
ined the spread-F occurrence in Tucuméan (Abdu et al.,
1998; Alfonsi et al., 2013; Cabrera et al., 2010; Pezzopane
et al., 2013), we considered herein a longer period of anal-
ysis: November 2014 to December 2019. This work aims to
contribute to the knowledge of the characteristics of
spread-F and plasma bubbles during different local times,
seasons, solar and geomagnetic conditions at the southern
crest of the EIA. For this purpose, we analysed the occur-
rence percentages of RSF, FSF and TEC depletion using
ionosonde and GPS data sets at Tucumdn during the
descending phase of solar cycle 24.

2. Methodology

We studied the irregularities occurrence at Tucuman,
Argentina (26.8°S, 65.2°W; magnetic latitude 15.5°S), a
station near the southern crest of the EIA. We analysed
1038 days of ionosonde data and 1310 days of GPS data.
The period considered was November 2014 to December
2019, the descending phase of Solar Cycle 24, as it is indi-
cated by the sunspot number Sn (http://www.sidc.be/silso/-
dayssnplot). During 2019 the monthly mean sunspot
number was between 0.4 and 9.9 and the yearly mean sun-
spot number was 3.6. From November 2014 to December
2015, the monthly mean Sn was between 54.5 and 112.9.
The yearly mean Sn for 2015 was 69.8 and the average
Sn for Nov-Dec 2014 was 113.6.

We manually examined the ionograms recorded by the
Vertical Incidence Pulsed Ionospheric Radar (VIPIR) by
following the Manual of Ionogram Scaling (Wakaiet al.,
1987) and the U.R.S.I Handbook (Piggott and Rawer
1978). The VIPIR operates between 1.5 and 25 MHz with
a sounding repetition rate of 5 min (Bullett 2008). The
field-of-view covers 60° of the sky. The data availability
is shown in Fig. 1 and the ionograms can be downloaded
from the website of the Low Latitude Ionospheric Sensor
Network (LISN) (http://lisn.igp.gob.pe). We analysed the
occurrence rate (equation (1)) of two types of spread-F:
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RSF and FSF (Fig. 2) during 18:00-06:00 LT (UT = L
T + 4) and their mean duration (equation (2)).
Occurrence rate (%)

Number of days with spreadF at time T in a month 100

(1)

" Number of days with ionograms at time T in the month

Total spreadF duration

(2)

SpreadF” duration = Total number of spreadF events
To examine the seasonal behaviour, we grouped the
data into March equinox (March and April), June solstice
(May, June, July, and August), September equinox
(September and October), and December solstice (Novem-
ber, December, January, and February). We considered
F10.7 and Ap index to identify the solar and geomagnetic
conditions. F10.7 < 100, 100 < F10.7 < 180, and
F10.7 > 180 represent low, medium, and high solar activ-
ity, respectively (Abdu et al., 2003). Ap < 12 indicates geo-
magnetic quiet days and Ap > 12 disturbed days (Fig. 3).
F10.7 is provided by Dominion Radio Astrophysical
Observatory and Natural Resources Canada (https://
www.spaceweather.gc.ca/solarflux/sx-en.php) and Ap
index is produced by Geomagnetic Observatory Niemegk,
GFZ German Research Centre for Geosciences (https://
www.gfz-potsdam.de/en/home/).

To compare the behaviour of RSF and plasma bubbles,
we considered TEC depletions greater than 5 TECu (1
TECu = 10'° electron/m?) to be associated with plasma
bubbles (Magdaleno et al., 2012). Hence, we used
ground-based GPS-TEC data at Tucumén to calculate
the plasma bubbles occurrence rate (number of days with
TEC depletions greater than 5 TECu, divided by the total
number of days analysed).

The Receiver INdependent EXchange (RINEX) files are
available at the LISN website, unfortunately, there are no
measurements for September—December 2017 and April-
December 2019. The vertical TEC (VTEC) was calculated
from GPS observables got from RINEX files using the
analysis code developed by Seemala and Valladares
(2011). We derived TEC every 10 s. The effects of multi-
path were reduced by applying a 30° elevation mask.
Therefore, TEC measurements cover ~ 120° of the sky.

3. Results

3.1. Monthly and seasonal variations of the spread-F
occurrence

During the period analysed, the most common type of
spread-F was RSF (65.3%). According to the occurrence
rate (Figs. 4-8), RSF began at 20-22 LT and lasted until
5-6 LT. The peak occurrence rate was usually around
23-1 LT, whereas for May-August the maximum came
up later. FSF generally arose after midnight and peaked
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Fig. 1. Tonogram data availability per month in Tucuman station from November 2014 to December 2019.
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Fig. 2. Tonograms showing examples of (a) range spread-F (RSF) and (b) frequency spread-F (FSF).

around 3 LT. September equinox registered the lowest
spread-F (RSF and FSF) occurrence (61%) and December
solstice the highest (84%). Fig. 9 depicts the seasonal total
spread-F (both RSF and FSF) occurrence rate for each
year. December solstice presented the highest occurrence
every year (from 62% in 2015 to 95% in 2017) except in
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2018 when the maximum was in June solstice (90%). The
season with the lowest occurrence percentage (12%) was
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between 70% in September equinox and 90% in June
solstice.
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Fig. 3. Daily F10.7 and Ap index from November 2014 to December 2019.
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a) Range Spread-F (RSF)
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Fig. 8. Occurrence rate of (a) range spread- F (RSF) and (b) frequency spread-F (FSF) over Tucuman station during 2019.

Tables 1, 2 and Fig. 10 show the seasonal occurrence of
RSF and FSF for the years considered in this work. The
data show that RSF occurrence was highest in December
solstice 2017, whereas FSF was maximum in December sol-
stice 2016, and both showed their lowest occurrence in June
solstice 2015. RSF was more frequent than the other types
of spread-F in all seasons except between September 2016
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and April 2017 when FSF occurrence was higher. The
mean RSF duration tended to increase during the period
studied, whereas the opposite happened for the FSF
(Fig. 11). RSF lasted around ~ 1-3 h and FSF ~ 0.5-2 h.
During years of low solar activity—2017, 2018 and
2019— RSF duration showed maximum values (2.1 —
2.5 h) in the December solstice.
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3.2. Spread-F occurrence rate during different solar and
geomagnetic conditions

Fig. 12 shows that spread-F occurrence increased
between 2016 (53.3%) when the mean F10.7 was 88.7 sfu
(sfu is solar flux unit: 107> Wm > Hz ') and 2018
(84.5%) when the mean F10.7 was 69.9 sfu, and decreased
in 2019 (78.2%) when the mean F10.7 was 77.3 sfu. Regard-
ing the different types of spread-F, RSF and FSF occur-
rence rate generally increased when the F10.7 index
decreased, especially between 2015 and 2018. Similarly,
RSF and FSF increased when the mean Ap index
decreased between 2015 and 2019. These observations do
not allow us to draw a conclusion on the solar flux depen-
dence of spread-F because of the small range of values of
F10.7. To get a better description of the variability of the
spread-F occurrence with solar activity, we would need
data for the entire solar cycle (Abdu et al., 1998). Unfortu-
nately, the VIPIR ionosonde was installed in 2014, so we
do not have ionograms for the ascending phase of solar
cycle 24.

For the period examined here, there were seven days
with high solar activity (F10.7 > 180), and just one had
ionosonde data available (4/9/17, F10.7 = 186). So, in this
analysis, we only considered days with low (F10.7 < 100)
and medium (100 < F10.7 (180) solar activity levels.
Fig. 13 shows the occurrence rates of RSF and FSF under
low and medium solar activity in Tucuman. RSF and FSF
occurrence rates decreased with solar activity in all seasons,
except for the September equinox when RSF was higher
during medium solar activity than during low solar activity
(58.1% vs 51.3%). At the March equinox, RSF was only
present during low solar activity, 58.3%. The FSF occur-
rence rate was 33.3% during medium solar activity and
53.5% during low solar activity. At the June solstice, the
RSF occurrence was 5.6% during medium solar activity
and 66.8% during low solar activity. The FSF was absent
during medium solar activity, and its occurrence was
49.2% during low solar activity. At the September equinox,
the FSF occurrence rate was 29% during medium solar
activity and 36.1% during low solar activity. At the Decem-
ber solstice, the RSF occurrence was 73.3% during medium
solar activity and 80.8% during low solar activity. Whereas,
FSF occurrence was 23.3% during medium solar activity
and 63.2% during low solar activity.

RSF occurrence rate was higher during quiet geomag-
netic activity (Ap < 12) than during disturbed geomagnetic

Table 1

Seasonal occurrence of RSF from November 2014 to December 2019. This is the percentage of days with at least one RSF event daily in a season.
Season 2014 (%) 2015 (%) 2016 (%) 2017 (%) 2018 (%) 2019 (%)
December solstice 77.6 60.3 75.0 91.2 73.9 85.7
March equinox 28.9 38.0 82.0

June solstice 11.5 344 76.7 85.7 53.2
September equinox 60.9 18.5 48.0 60.9 78.2
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Table 2

Seasonal occurrence of FSF from November 2014 to December 2019.

Season 2014 (%) 2015 (%) 2016 (%) 2017 (%) 2018 (%) 2019 (%)
December solstice 30.6 13.8 81.7 74.5 52.2 45.2
March equinox 26.3 50.0 72.1

June solstice 7.7 25.0 61.7 58.6 33.8
September equinox 21.9 24.1 42.0 43.5 45.5

activity (Ap > 12) in all seasons except in June solstice
(Fig. 14). FSF was most seen under quiet geomagnetic con-
ditions for September equinox and December solstice, and
during disturbed conditions for June solstice and March
equinox. In March equinox, under disturbed conditions,
the FSF occurrence rate was higher than the RSF occur-
rence rate. The opposite was observed in the other seasons.
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3.3. Plasma bubbles occurrence rate

Fig. 15 depicts an example of TEC depletions along
satellites Pseudorandom Numbers (PRNs) 19 and 16 arcs
for 20/11/2014. These plasma bubble signatures appeared
at 22-1 LT, except in June solstice 2017 (0-3 LT) and
December solstice 2018 (2-6 LT). Table 3 shows the sea-
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Fig. 10. Seasonal occurrence rate of different types of spread-F (RSF and FSF) in Tucumén from November 2014 to December 2019.
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sonal occurrence of TEC depletions for the period consid-
ered. We observed a high occurrence of plasma bubbles in
the December solstice (summer in the Southern Hemi-
sphere) and a low occurrence in the June solstice (winter
in the Southern Hemisphere). We did not see any plasma
bubbles in June solstice 2015 and 2018 (Fig. 16a).

There were no days with high solar activity in March
and September equinox. During the June solstice, the days
with high solar activity levels did not present TEC deple-
tion. In all seasons, plasma bubble occurrence increased

2016 2017

2015

with the F10.7 index (Fig. 16b). The period with the highest
plasma bubble occurrence percentage was December sol-
stice during high solar activity (80%). Whereas the lowest
occurrence was in the June solstice during low solar activity
(0.4%).

Under low solar activity levels (Fig. 16¢), plasma bubble
occurrence enhanced on disturbed days in all seasons
except in June solstice when no plasma bubble was
observed. Under medium solar activity (Fig. 16d), plasma
bubble occurrence rate increased with geomagnetic activity
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Fig. 12. Monthly mean of RSF (top) and FSF (bottom) occurrence percentages in Tucuman from November 2014 to December 2019. Grey regions

indicate data gaps.
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in all seasons but in December solstice. For the latter,
plasma bubble occurrence during quiet days (38.7%) was
higher than during disturbed days (29.4%).

4. Discussion

4.1. Range spread-F and frequency spread-F occurrence
characteristics

According to our results, RSF was the most common

type of spread-F over Tucuman during the descending
phase of Solar Cycle 24. It frequently developed around
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local midnight (except during June solstice when its occur-
rence peaked later). Whereas FSF events usually occurred
after midnight. All spread-F events lasted less than three
hours and in years of low solar activity, the RSF duration
peaked in local summer. We observed a maximum spread-
F (RSF and FSF) occurrence rate in December solstice (lo-
cal summer) and a minimum in equinox. These results are
inconsistent with the solar terminator-magnetic field align-
ment hypothesis (Abdu et al., 1981a; Tsunoda 1985). This
hypothesis states that the occurrence of irregularities max-
imizes when sunset at the conjugate E-regions is nearly
simultaneous, that is when the sunset terminator is aligned
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Fig. 14. Occurrence rates of two types of spread-F under quiet (blue) and disturbed (orange) geomagnetic conditions in Tucuman during November 2014
— December 2019. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 15. Plasma bubbles signatures (TEC depletion) in Tucuman during
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with the magnetic meridian. In Tucuman, the magnetic
declination angle is ~ 7°W and close alignment occurs in
the equinoxes however we observed a maximum in local
summer. Tsunoda et al. (2015) discussed similar observa-
tions for Africa, and the central Pacific region.

The spread-F seasonal distribution found in our work
agree with some previous studies carried out in the Amer-
ican sector. Abdu et al. (1998) showed that, at Tucuman,
spread-F occurs mainly around November—December
and also extends to equinoxes with large variability from
year to year. From Figs. 4 to &, it is possible to observe that
this annual variability also seems to be present in our
results. Alfonsi et al. (2013) reported a maximum spread-
F occurrence in local summer in Tucuman from October
2010 to September 2011. Using continuous Doppler sound-
ing, Chum et al. (2016) reported that most of the spread F
events over Tucuman were observed during local summer.
Chen et al. (2006) described the equatorial F region irreg-
ularities in two Peruvian stations from April 1999 to March
2000. They observed that the night-time occurrences of
spread-F were higher at the December solstice than at the

Advances in Space Research 69 (2022) 1281-1300

Equinox. Abdu et al. (2000) studied the spread-F charac-
teristics at two Brazilian stations; Fortaleza, an equatorial
station, and Cachoeira Paulista, a low latitude station.
They found that, in agreement with our results, the
spread-F occurrence was maximum around the December
solstice. Also in Brazil, Afolayan et al. (2019) reported
higher RSF occurrence in the December solstice than in
other seasons. In addition, Chandra et al. (2003) found a
maximum spread-F occurrence in local summer in Huan-
cayo (an equatorial station in Peru) and Cachoeria Paulista
(at the southern crest of the EIA in Brazil) during 1983-
1995. Similar results were also described by Dabas et al.
(2007) at a low latitude station in the Indian region. On
the contrary, in the Thailand sector, Rungraengwajiake
et al. (2013) showed that the RSF occurrence is higher in
the equinoctial months than in other months. Further-
more, our results evince a solstice asymmetry, that is,
higher occurrence rates in the December solstice than in
the June solstice. Nishioka et al. (2008) proposed that the
seasonal variation of the flux tube integrated conductivities
in the F-regions could partially explain this behaviour.

The response of RSF and FSF to geomagnetic activity
varied with the season: we generally observed a suppression
during equinox and summer but an enhancement during
winter. Our results are partially consistent with those of
Whalen (2002), who used an array of ionospheric sounders
in the western South American sector during solar maxi-
mum and showed that spread-F decrease with increasing
Kp during equinox and summer, but they found no corre-
lation in winter. Our observation of an increase of spread-F
in winter agrees with Rastogi et al. (1981). They showed
that at Huancayo, Peru, spread-F was more frequent on
disturbed than on quiet days during the June solstice (local
winter). Lan et al. (2019) analysed ionograms recorded at
the northern equatorial ionization anomaly in China. They
reported a positive correlation for all types of spread-F in
winter, and for RSF in all seasons, whereas the found an
inverse correlation for FSF in summer. We observed a sim-
ilar behaviour for FSF. In contrast, RSF was negatively
correlated with geomagnetic activity in all seasons except
in June solstice.

Spread-F suppression/generation may be a consequence
of the effect of the magnetic activity on the E x B velocity,
hence in the vertical growth of the irregularities. Electric
field perturbations associated with the solar wind-
magnetosphere dynamo or with the ionospheric distur-
bance dynamo (Blanc and Richmond, 1980; Senior and
Blanc, 1984) can significantly modify the low-latitude elec-

Table 3

Seasonal occurrence of TEC depletions from November 2014 to December 2019.

Season 2014 (%) 2015 (%) 2016 (%) 2017 (%) 2018 (%) 2019 (%)
December solstice 433 23.2 15.1 6.0 3.4

March equinox 8.2 1.6 2.3 1.8 4.2

June solstice 0 0.9 2.3 0

September equinox 1L.5 11.9 48.0 1.6
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tric fields during disturbed geomagnetic conditions.
Depending upon their local time-dependent polarity, these
disturbance electric fields could increase the plasma vertical
drift—because of a stronger eastward electric field—and
uplift the F layer to heights with reduced collision fre-
quency and thus enhance the instability growth. Depending
on the time (UT) of the main and recovery phases of the
storm, RSF can be enhanced or suppressed. A westward
disturbance electric field can cause plasma downdraft and
a drop in the F layer height that may induce a suppression
or disruption in the irregularity development. Therefore,
the response of spread-F to geomagnetic activity depends
on the location of the station, the season, and the phase
of the storm.

We observed that the spread-F occurrence decreased
with solar flux in all seasons, except for RSF on the
September equinox. It is important to note that, for the
period analysed, the range of values of F10.7 is small,
and we cannot draw a reliable conclusion on the depen-
dence of spread-F and plasma bubbles with solar activity.
Furthermore, due to the lack of ionosonde data, it was
not possible to examine the entire solar cycle. Some
researchers reported a negative correlation with the F10.7
index. Chandra and Rastogi (1970) found that spread-F
varies inversely with sunspot number in the South Ameri-
can sector. Chandra et al. (2003) found that at Huancayo
(Peru) spread-F was more frequent during low sunspot
years. The opposite was observed in the Indian sector.
(Wang et al., 2018) used data from four ionosondes at
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low- and mid-latitudes in China and found that the FSF
occurrence percentages were higher during the low solar
activity years. On the other hand, some studies disagree
with these observations. Abdu et al. (2000) examined the
solar activity control of spread-F in Brazil. They observed
a positive dependence during the post-sunset hours over a
low latitude station. They attributed this to a higher mean
plasma bubble rise velocity at the equator. Klinngam et al.
(2015) studied the spread-F occurrence at low latitudes in
Southeast Asia, they showed that the percentage of RSF
occurrence increased with the level of solar activity, while
the FSF occurrence decreased. Thammavongsy et al.
(2020) studied the spread-F occurrence percentage during
the peak of solar cycle 24 at Chumphon station, Thailand.
They concluded that the tendency of the RSF occurrence
rate was proportional to the F10.7 solar flux. The disparity
in the results reported in the literature highlights the com-
plexity of this ionospheric phenomenon. The difference in
the observations may be related to the effects of the ther-
mospheric zonal wind and the atmospheric waves that alter
the primary parameters important for spread-F formation.

4.2. Plasma bubbles occurrence characteristics

The seasonal variation pattern in the plasma bubble
(TEC depletion) occurrence rate observed in the present
work—high occurrence during local summer and low occur-
rence during winter—agree with previous studies carried out
in South America. Sahai et al. (1994) used OI 630.0 nm
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imaging observations over the southern crest of the EIA in
Brazil and found that airglow depletions were higher from
October through March and lower from April through
September. Barros et al. (2018) used TEC maps over South
America and found that plasma bubbles occurred mainly
from September to March. They defined plasma bubbles
as TEC depletions with an amplitude exceeding 10 TECU.

During the descending phase of solar cycle 24 plasma
bubble occurrence rate was positively correlated with solar
activity. This behaviour agrees with previous studies over
the Brazilian and Indian regions (Abdu et al., 1985;
Shetti et al., 2019). Sahai et al. (2000) used OI 630 nm
all-sky imaging observations from Cachoeria Paulista in
Brazil, they showed that plasma bubble occurrence was
lower during low solar activity as compared with high solar
activity from October to March. It is important to note
that we expect the background TEC to decrease with solar
activity, so the threshold value (5 TECU) used in this work
to detect TEC depletion associated with plasma bubbles
becomes more difficult to achieve. This could be a reason
for the low number of TEC depletions observed during
years of low solar activity.

The plasma bubble occurrence rate was generally higher
on disturbed days than on quiet days. However, under
medium solar activity, we observed that during the high
plasma bubbles occurrence season (December solstice,
summer in the Southern Hemisphere), days with disturbed
geomagnetic activity registered fewer TEC depletions.
Whereas, in the low plasma bubbles occurrence season
(June solstice, winter in the Southern Hemisphere), the
plasma bubble occurrence rate was higher during disturbed
conditions. These results agree with Becker-Guedes et al.
(2004) who proposed that, in Brazil, geomagnetic activity
inhibits plasma bubbles generation during high plasma
bubbles occurrence season, and helps in the initiation pro-
cess during low occurrence season. Timogin et al. (2020)
investigated the behaviour of plasma bubble irregularities
under different geomagnetic conditions during March
2015 and September 2017 at three low latitudes stations
in the Indian sector. They observed that the plasma bubble
occurrence rate increased with geomagnetic activity, in
concordance with our results.

4.3. Comparison between the occurrence characteristics of
plasma bubbles and RSF

During June solstice, RSF occurrence steadily increased
from 2015 to 2018 (when the occurrence rate reached over
80%) as the mean F10.7 and Ap index decreased. However,
plasma bubbles were very few in June solstice (<2.3%) and
were absent in 2015 and 2018 during this season, as seen
from TEC depletions. At low latitudes, RSF in ionograms
usually indicates plasma bubbles originated around sunset
at the magnetic equator that expanded to higher latitudes
along the magnetic field lines (Abdu et al., 1998). To be
detected in Tucumadn, the strength of the equatorial eve-
ning E x B drift (due to the pre-reversal enhancement,
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PRE) should be strong enough for the bubble to reach a
high apex altitude over the magnetic equator. Previous
studies attributed the low plasma bubble occurrence during
June solstice to a weak equatorial electric field pre-reversal
enhancement over South America (Batista et al., 1996;
Fejer et al., 1999). Sahai et al. (2000) analysed the OI
630 nm all-sky imaging data from Cachoeira Paulista, Bra-
zil (a location at the southern crest of the EIA) and found
that plasma bubbles attaining high apex heights
(>1500 km) at the magnetic equator were more abundant
during high solar activity (66%) compared with low solar
activity (34%). Lee et al. (2009) investigated the occurrence
of F region irregularities at the EIA crest during solar max-
imum and concluded that the possibility for irregularities
to extend from the dip equator to the EIA crest was about
50%. So it is reasonable to think that the RSF observed in
the June solstice during low solar activity may be associ-
ated with other phenomena rather than plasma bubbles.

During low solar activity and quiet geomagnetic condi-
tions, and when the PRE is small (as in June solstice), the
gravity waves may play a significant role in the spread-F
seeding process. Candido et al. (2011) reported a low
occurrence of spread-F during June solstice at high solar
activity years and a progressive increase during moderate
and low solar flux conditions at Cachoeira Paulista. They
observed a frequent occurrence of spread-F in June solstice
during solar minimum activity and mainly under quiet geo-
magnetic conditions. They suggested that these events
could be caused by ionospheric disturbances unrelated to
equatorial processes such as travelling ionospheric distur-
bances (TIDs) from mid-latitudes. Cabrera et al. (2010)
evaluated the RSF day-to-day variability in September
2007 (low solar activity) at Tucuman. They argued that
locally generated plasma instabilities related to gravity
waves triggered by the solar terminator could cause RSF
rather than plasma bubbles coming from the magnetic
equator. Pezzopane et al. (2013) analysed four equinoctial
months in a year of low solar activity and found that satel-
lite traces caused by gravity waves propagation are a pre-
cursor to the RSF appearance at Tucuman. Afolayan
et al. (2019) attributed the large RSF occurrence percent-
age during low solar activity in the West African region
to the presence of gravity waves. Furthermore, the ampli-
tude of the gravity wave seed perturbation decides whether
spread-F would form. The neutral density decreases as the
solar flux decreases, so lower seed magnitude for spread-F
occurrence is needed as solar activity decreases (Manju
et al., 2016). A possibility is that the RSF signatures seen
in the ionograms in Tucumdn during winter in low solar
activity can be related to night-time medium-scale TIDs
(MSTIDs).

Many studies have proposed that the MSTIDs may con-
tribute to the generation of spread-F at low latitudes.
Polarization electric fields associated with gravity wave-
driven MSTIDs can trigger the Rayleigh-Taylor instability
and caused spread-F (Miller et al., 2009; Oliver et al.,
1997). Alfonsi et al. (2013) studied ionosonde data from
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Tucumaén during October 2010-September 2011 (a period
of low-medium solar activity). They concluded that exist
a connection between RSF occurrence and medium-scale
TIDs due to gravity wave propagation. Lan et al. (2019)
suggested that night-time MSTIDs might play a significant
role in the occurrence of RSF and FSF over Puer, China,
at the northern crest of the EIA. Moreover, Pimenta
et al. (2008) showed that, in the Brazilian region, night-
time spread-F can be caused by night-time mid-latitudes
MSTIDs that propagate toward low latitudes. Recently,
Deng et al. (2021) analysed the mechanism of MSTIDs
inducing spread-F at low latitudes in South America. They
found that post-midnight MSTIDs tend to trigger spread-
F, also they suggested MSTIDs triggered by Perkins insta-
bility would show a further tendency to generate spread-F.
Tucuman is at the boundary between low latitude and mid-
latitude, it is reasonable to suggest that some of the RSF
events may be associated with mid-latitude night-time
MSTIDs.

The vertical plasma drift and the ensuing F layer uplift
are important conditions for the development of iono-
spheric irregularities. Thus, ionospheric parameters e.g.
the virtual height of the F layer bottom side (h’F), the F
layer peak height (hmF2) or the critical frequency of the
F2 layer (foF2) are needed to further examine the precursor
conditions that may lead to spread-F generation. With this
in mind, we are developing software that allows us to get
automatically these parameters from the VIPIR iono-
grams. Another basic condition to start the instability
growth is a source of density perturbations, such as gravity
waves. To further study the role of these seed perturbations
on the day-to-day variability of spread-F, case studies com-
bining ground-based and space-borne observations are
required.

5. Conclusion

We analysed the RSF, FSF and TEC depletion occur-
rence at Tucuman, a station near the southern crest of
the EIA during the descending phase of Solar Cycle 24.
The main outcomes of this work are:

1. RSF was the most frequent type of spread-F in
Tucuman.

. Spread-F and plasma bubble occurrence rates were max-
imum in local summer, but in 2018 the highest RSF
occurrence was in winter.

. Plasma bubble and spread-F occurrence rates were min-
imum in winter and equinox, respectively.

. RSF and FSF occurrence generally decreased under dis-
turbed geomagnetic conditions in equinox and Decem-
ber solstice. Whereas it increased in June solstice.

. Under low solar activity, there was a positive correlation
between plasma bubble occurrence and geomagnetic
activity. Whereas, under medium solar activity, there
was a negative correlation in December solstice and a
positive one in all the other seasons.
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. RSF signatures observed in winter under low solar
activity were not related to plasma bubbles originated
at the magnetic equator. A possibility is that these irreg-
ularities were associated with night-time MSTIDs. This
needs to be further analysed.
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