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Abstract
Ionospheric 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 America have been performed mostly for the eastern
sector, and fewer efforts have been done in the Argentinian region. This work presents the analysis of the
spread-F (range spread-F, frequency spread-F and strong spread-F) and plasma bubble occurrence
characteristics near the southern crest of the Equatorial Ionization Anomaly (Tucumán, 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 shows that
spread-F and plasma bubble occurrence rates peak in summer and are minimum in equinox and winter,
respectively. There is, usually, 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.

Introduction
Ionospheric irregularities are regions in the ionosphere with electron density noticeably different from the
background, 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. It has been an
important subject of investigation since it was discovered (Booker & Wells 1938), mainly due to its
adverse effects on communication and navigation systems. To mitigate this negative in�uence is
necessary to improve the understanding of this ionospheric phenomenon and improve our prediction
capabilities. The plasma density irregularities depend on local time, season, latitude and longitude, and
solar and geomagnetic activities besides their day-to-day variability (Abduet al. 1985; Pietrella et al. 2017;
Tsunoda 1985; Yizengaw & Groves 2018). The analysis of their characteristics in different locations and
periods is essential.

At equatorial and low latitude regions, the generation of ionospheric irregularities can be attributed to the
gravitational Rayleigh-Taylor instability mechanism (Kelley 2009). Their initiation is related to the vertical
transport of plasma associated with zonal electric �elds. These electric �elds could be generated by the
ionospheric dynamo or imposed from the magnetosphere. Irregularities are most severe at night; a
condition for their generation is that the E layer conductivity can not short out the driving electric �eld.

Several researchers have studied the occurrence of F region irregularities in the equatorial ionization
anomaly (EIA) crest region in different longitudinal sectors, using data from a wide variety of diagnostic
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techniques: ionosonde, 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; Timoçin et al. 2020). 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 and the trans-equatorial winds
(Abdu et al. 2020; Fejer et al. 1999; Yokoyama et al. 2004).

If irregularities are present in the F region above an ionosonde, a backscatter signature called spread-F is
seen in ionograms. The effect of broadening in frequency is known as frequency spread-F (FSF) and in
height, range spread-F (RSF) (Piggott & Rawer 1978). When the RSF extends beyond the local critical
frequency of the F2 layer (foF2), it is denominated strong range spread-F (SSF) (Shi et al. 2011). At low
latitudes, RSF is often associated with plasma bubbles. These are large-scale depletions of F region
electron density started at the bottom side and extended up to the top side of the layer. FSF is related to
smaller-scale decaying irregularities near the F region peak (Abdu et al. 1998).

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 plasma bubbles (DasGupta A. et al. 1983; Tsunoda & Towle 1979; Weber et
al. 1996; Shetti et al. 2019). Global Positioning System (GPS) signal delays are proportional to the TEC
along the satellite-receiver line of sight. Thus, GPS data can derive the TEC (Çepni et al. 2013; Dashora &
Pandey 2005).

The seasonal/longitudinal distribution of the irregularities occurrence rate depends on the magnetic
declination angle, i.e., in the geometry between the geomagnetic �eld line and the terminator line
(Tsunoda 1985). In the Brazilian region, earlier works showed a high plasma bubble occurrence rate
during the December solstice and a low occurrence during the June solstice (Abdu et al. 1998; Sahai et al.
1994). Chum et al. (2016) examined the spread-F behaviour over Tucumán and Taiwan in 2014 based on
measurements by continuous Doppler sounding. They observed the highest occurrence rate from
September to March in Tucumán, and around equinoxes in Taiwan. Alfonsi et al. (2013) performed
spread-F statistics of occurrence at Tucumán during October 2010–September 2011. They reported that
the occurrence of all types of spread-F was maximum in summer and minimum in winter.

The effects of solar and geomagnetic activities on spread-F vary with latitude and longitude. Previous
studies investigated the relationship between the spread-F occurrence and the geomagnetic and solar
conditions at low latitudes using geophysical indices (Kp, Dst, F10.7 and Sn) (Aquino & Sreeja 2013;
Bowman & Mortimer 2003; Kotulak et al. 2020). Whalen (2003) suggested that plasma bubble occurrence
decrease with the Kp index during equinox and December solstice in South America. Becker-Guedes et al.
(2004) discussed the spread-F occurrence during geomagnetic storms at three stations in the eastward
Brazilian sector. They concluded that during the low equatorial plasma bubble occurrence season and
transition season, 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
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in South America, including Tucumán, 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 �ux. Also, the spread-F occurrence was maximum in the summer months at
Tucumán.

Although many researchers have discussed the characteristics of ionospheric irregularities at low
latitudes, some aspects still need to be further investigated to better understand 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 eastern
Brazilian region, characterized by a magnetic declination angle of ~20°W. Whereas the magnetic
declination angle in Tucumán is ~7°W. Albeit some works have examined the spread-F occurrence in
Tucumán (Abdu et al. 1998; Alfonsi et al. 2013; Cabrera et al. 2010; Pezzopane et al. 2013), we
considered herein a longer period of analysis: 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. To that end, we
analysed the occurrence percentages of RSF, FSF, SSF, and TEC depletion using ionosonde and GPS data
sets at Tucumán during the descending phase of solar cycle 24.

Methodology
We studied the irregularities occurrence at Tucumán, Argentina (26.8°S, 65.2°W; magnetic latitude
15.5°S), a station near the southern crest of the equatorial ionization anomaly (EIA) (Figure 1). 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 indicated by the
sunspot number Sn (http://www.sidc.be/silso/dayssnplot). During 2019 the monthly mean sunspot
number was between 0.4 to 9.9 and the yearly mean sunspot 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 & Rawer 1978). The VIPIR operates between 0.3 and 25 MHz with a sounding repetition rate of 5
minutes (Bullett 2008). The data availability is shown in �gure 2 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 three types of spread-F: RSF, FSF, and SSF (Figure 3) during
18:00–06:00 LT (UT=LT+4) and their mean duration (equation 2).

See equations 1 and 2 in the supplementary �les.

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

http://www.sidc.be/silso/dayssnplot
http://lisn.igp.gob.pe/
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solstice (November, 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 activity, respectively (Abdu et al. 2003). Ap < 12 indicates geomagnetic quiet days
and Ap ≥ 12 disturbed days. F10.7 is provided by Dominion Radio Astrophysical Observatory and Natural
Resources Canada (https://www.spaceweather.gc.ca/solar�ux/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=1016 electron/m2) to be associated with plasma bubbles (Magdaleno et al. 2012). Hence,
we used ground-based GPS-TEC data at Tucumán 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) �les 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 �les using the analysis code developed by
Seemala & Valladares (2011). The effects of multi-path were reduced by applying a 30° elevation mask.
We derived TEC every 10 seconds.

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 (64.9%) and the least frequent
was SSF (3.6%). According to the monthly occurrence rate (Figure 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 around 3 LT. The SSF
occurrence rate was higher during November, December 2014, and February and November 2015, and
almost zero during other months. It developed from ~20 LT to ~1 LT with a peak at ~ 23 LT.

September equinox registered the lowest spread-F occurrence (61%) and December solstice the highest
(84%). Figure 9 depicts the seasonal spread-F occurrence rate for each year. December solstice presented
the highest occurrence every year (from 62% in 2015 to 95% in 2017) except in 2018 when the maximum
was in June solstice (90%). The season with the lowest occurrence percentage (12%) was June solstice,
2015. It is worth mentioning that 2018 showed a high occurrence of spread-F in all seasons, between 70%
in September equinox and 90% in June solstice.

RSF occurrence rate was highest in November 2017–February 2018 (91.2%), FSF in November 2016–
February 2017 (81.7%), and both showed their lowest occurrence in July–August 2015 (11.5% for RSF
and 7.7% for FSF). SSF occurrence was sparse and the highest value was in November 2014–February
2015 (34.5%). RSF was more frequent than the other types of spread-F in all seasons except between
September 2016 and April 2017 when FSF occurrence was higher (Figure 10).

https://www.spaceweather.gc.ca/solarflux/sx-en.php
https://www.gfz-potsdam.de/en/home/
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The mean RSF duration tended to increase during the period studied, whereas the opposite happened for
the FSF and SSF (Figure 11). RSF lasted around ~1–3 hours, FSF ~0.5–2 hours, and SSF ~1.4–2.7
hours. We did not observe any clear seasonal trend.

3.2. Spread-F occurrence rate during different solar and geomagnetic conditions

Spread-F occurrence increased between 2016 (53.3%) when the mean F10.7 was 88.7 sfu (sfu is solar
�ux unit: 10−22 Wm−2 Hz−1) 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. Regarding the different types of spread-F, RSF and FSF
occurrence rate generally increased when the F10.7 index decreased, especially between 2015 and 2018.
This inverse correlation between spread-F and solar �ux was not observed for SSF (Figure 12). Similarly,
RSF and FSF increased when the mean Ap index decreased between 2015 and 2019.

For the period examined here, there were few 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. The RSF occurrence rate showed the
largest values under low solar activity for all seasons except in September equinox when RSF occurrence
rate was 6.8% higher during medium solar activity than during low activity (Figure 13). RSF was not
present for March equinox during medium solar activity. FSF occurrence was maximum during low solar
activity for all seasons, and it was not observed in the June solstice during medium solar activity. SSF
was only seen during low solar activity except in the December solstice when its occurrence rate was
higher during medium solar activity (22.1%) than during low solar activity (11.4%). For all seasons and
during low and medium solar activity, RSF is the most observed type of spread-F except in March
equinox, when during medium solar activity FSF was the only type of spread-F observed.

RSF occurrence rate was higher during quiet geomagnetic activity (Ap<12) than during disturbed
geomagnetic activity (Ap≥12) in all seasons except in June solstice (Figure 14). FSF was most seen
under quiet geomagnetic conditions for September equinox and December solstice, and during disturbed
conditions for June solstice and March equinox. SSF occurrence rate was higher under quiet
geomagnetic conditions and was not observed during disturbed days of March equinox and June
solstice. In March equinox, under disturbed conditions, the FSF occurrence rate was higher than the RSF
occurrence rate. The opposite was observed in the other seasons.

3.3. Plasma Bubbles occurrence rate

As an example, Figure 15 shows TEC depletions along satellites Pseudorandom Numbers (PRNs) 27 and
16 arcs for 20/11/14. These plasma bubble signatures appeared at 22–1 LT, except in June solstice 2017
(0–3 LT) and December solstice 2018 (2–6 LT). We observed a high occurrence of plasma bubbles in the
December solstice (summer in the Southern Hemisphere) 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
(Figure 16a).
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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 depletion. In all seasons, plasma bubble
occurrence increased with the F10.7 index (Fig 16b). The period with the highest plasma bubble
occurrence percentage was December solstice 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 16c), plasma bubble occurrence enhanced on disturbed days in all
seasons except in June solstice when no plasma bubble was observed. Under medium solar activity
(Figure 16d), plasma bubble occurrence rate increased with geomagnetic activity 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%).

Discussion
This study shows that RSF was the most common type of spread-F over Tucumán during the descending
phase of Solar Cycle 24, it frequently developed around midnight (except during June solstice when its
occurrence peaked later) whereas FSF events usually occurred after midnight. SSF was sparse and
mostly seen during the December solstice. We observed the highest occurrence rate of plasma bubble
(TEC depletion) and RSF during local summer for all solar and geomagnetic conditions except in 2018
when RSF occurrence peaked in winter. Plasma bubble and spread-F occurrences were minimum in winter
and equinox, respectively. Spread-F events lasted less than three hours and did not exhibit any seasonal
trend. Spread-F occurrence rate decreased with solar activity, with two exceptions: RSF in September
equinox and SSF in December solstice. The plasma bubble occurrence rate was positively correlated with
solar activity. Whereas, the response of spread-F occurrence to geomagnetic activity varied with the
season: it decreased under disturbed conditions during all seasons except in June solstice when the
opposite was observed. FSF occurrence slightly increased under disturbed conditions in March equinox.
The plasma bubble occurrence rate was higher on disturbed days than in quiet days with the exception of
December solstice under medium solar activity. In this period we saw more plasma bubbles during quiet
geomagnetic conditions than during disturbed conditions.

The plasma bubble seasonal variation pattern observed in the present work–high occurrence during local
summer and low occurrence during winter–agree with previous studies carried out in South America
(Abdu et al. 1998; Sahai et al. 1994). The occurrence of irregularities maximizes when sunset at the
conjugate E-regions is nearly simultaneous, that is when the sunset terminator is aligned with the
magnetic meridian (Abdu et al. 1981; Tsunoda 1985). In Tucumán, the magnetic declination angle is
~7°W and close alignment occurs in the summer solstice. The spread-F occurrence was maximum in
December solstice and minimum in equinox, in coincidence with the observations of Dabas et al. (2007)
at a low latitude station in the Indian region. Also, 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 �ux tube integrated conductivities in the F-regions could partially explain
this behaviour.
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Our observation of a positive correlation between Plasma bubble occurrence and solar activity agrees
with previous studies (Abdu et al. 1985; Sahai et al. 2000; Shetti et al. 2019). Regarding spread-F, some
researchers reported a negative correlation with the F10.7 index. Wang et al. (2019) observed that the FSF
occurrence percentages were higher during the low solar activity years at mid-latitudes in Eastern Asia.
Wang et al. (2018) found similar results with data from four ionosondes at low- and mid-latitudes in
China. Balan et al. (2018) concluded that at low latitudes in Japan, spread-F was most frequent under
low solar activity. On the other hand, some studies disagree with these observations. Klinngam et al.
(2015) studied the spread-F occurrence 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 �ux. We show herein that spread-F occurrence decreased with solar �ux in all seasons, except
for RSF in September equinox and SSF in December solstice. Unfortunately, we did not study the spread-F
under high solar activity (F10.7 ≥ 180) because of the lack of ionosonde data. The disparity in the results
reported in the literature highlights the complexity of this ionospheric phenomenon. The difference in the
observations may be related to the effects of the thermospheric zonal wind and the atmospheric waves
that alter the primary parameters important for spread-F formation.

During June solstice, RSF occurrence steadily increased from 2015 to 2018 (when the occurrence rate
reached over 80%) as the mean F10.7 index decreased. However, plasma bubbles were very few in June
solstice (less than 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 �eld lines (Abdu et
al. 1998). To be detected in Tucumán, the strength of the equatorial evening E × B drift (due to the pre-
reversal enhancement, 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 �eld 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, Brazil
(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 maximum 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 associated with other phenomena rather than plasma bubbles.

During low solar activity and quiet geomagnetic conditions, and when the PRE is small (as in June
solstice), the gravity waves may play a signi�cant 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 �ux conditions at Cachoeira Paulista. They observed
a frequent occurrence of spread-F in June solstice during solar minimum activity and mainly under quiet
geomagnetic conditions. They suggested that these events could be caused by ionospheric disturbances
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unrelated to equatorial processes such as travelling ionospheric disturbances (TIDs) from mid-latitudes.
Deng et al. (2021) pointed out that medium-scale TIDs associated with Perkins instability likely trigger
spread-F at low latitudes in South America. Cabrera et al. (2010) evaluated the RSF day-to-day variability
in September 2007 (low solar activity) at Tucumán. 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 satellite traces caused by gravity waves propagation are a
precursor to the RSF appearance at Tucumán. Alfonsi et al. (2013) studied ionosonde data from
Tucumán during October 2010 to September 2011. They concluded that exist a connection between RSF
occurrence and medium-scale TIDs due to gravity wave propagation. Afolayan et al. (2019) attributed the
large RSF occurrence percentage during low solar activity in the West African region to the presence of
gravity waves. Furthermore, the amplitude of the gravity wave seed perturbation decides whether spread-
F would form. The neutral density decreases as the solar �ux decreases, so lower seed magnitude for
spread-F occurrence is needed as solar activity decreases (Manju et al. 2016). We suggest that the RSF
signatures seen in the ionograms in Tucumán during winter in low solar activity may be related to TIDs.

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 geomagnetic activity
inhibits plasma bubbles generation during high plasma bubbles occurrence season, and helps in the
initiation process during low occurrence season. Timoçin 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. They observed that the plasma bubble occurrence rate increased
with geomagnetic activity, in concordance with our results.

Regarding the response of RSF, FSF and SSF to geomagnetic activity, 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
American sector during solar maximum and showed that spread-F decrease with increasing Kp during
equinox and summer, but they found no correlation in 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, an inverse correlation for SSF during equinox and summer, and for FSF in
summer. Whereas RSF increases with geomagnetic activity in all seasons. We observed similar results
except for RSF that according to our data 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×B
velocity, hence in the vertical growth of the irregularities. Electric �eld perturbations associated with the
solar wind-magnetosphere dynamo or with the ionospheric disturbance dynamo (Blanc & Richmond
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1980; Senior & Blanc 1984) can signi�cantly modify the low-latitude electric �elds during disturbed
geomagnetic conditions. Depending upon their local time-dependent polarity, these disturbance electric
�elds could increase the plasma vertical drift—because of a stronger eastward electric �eld—and uplift
the F layer to heights with reduced collision frequency and thus enhance the instability growth. A
westward disturbance electric �eld 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.

The vertical plasma drift and the ensuing F layer uplift are important conditions for the development of
ionospheric 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 ionograms.
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 combining ground-based and space-borne observations are required.

Conclusion
We analysed the RSF, FSF, SSF and TEC depletion occurrence at Tucumán, 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 Tucumán.

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

3. Plasma bubble and spread-F occurrence rates were minimum in winter and equinox, respectively.

4. Spread-F decreased with solar activity, except for RSF in September equinox and SSF in December
solstice when we observed a positive correlation.

5. Plasma bubble occurrence increased with solar activity in all seasons.

�. RSF, FSF and SSF occurrence generally decreased under disturbed geomagnetic conditions in
equinox and December solstice. Whereas it increased in June solstice.

7. Under low solar activity, there is 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.

�. 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 irregularities were associated with
travelling ionospheric disturbances. This needs to be further analysed.
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Figure 1

Map showing the location of Tucumán (red circle).

Figure 2

Ionogram data availability per month in Tucumán station from November 2014 to December 2019.
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Figure 3

Ionograms showing examples of (a) range spread-F (RSF) (b) frequency spread-F (FSF) and (c) strong
range spread-F (SSF).
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Figure 4

Monthly occurrence rate of a) range spread- F (RSF), b) frequency spread-F (FSF) and c) strong range
spread-F (SSF) over Tucumán station during November 2014 – December 2015.
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Figure 5

Monthly occurrence rate of a) range spread- F (RSF), b) frequency spread-F (FSF) and c) strong range
spread-F (SSF) over Tucumán station during 2016.
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Figure 6

Monthly occurrence rate of a) range spread-F (RSF), b) frequency spread-F (FSF) and c) strong range
spread-F (SSF) over Tucumán station during 2017.
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Figure 7

Monthly occurrence rate of a) range spread- F (RSF), b) frequency spread-F (FSF) and c) strong range
spread-F (SSF) over Tucumán station during 2018.
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Figure 8

Monthly occurrence rate of a) range spread- F (RSF), b) frequency spread-F (FSF) and c) strong range
spread-F (SSF) over Tucumán station during 2019.
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Figure 9

Seasonal occurrence rate of spread-F in Tucumán during November 2014-December 2019. This is the
percentage of days with at least one spread F event daily in a season.
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Figure 10

Seasonal occurrence rate of different types of spread-F (RSF, FSF and SSF) in Tucumán from November
2014 to December 2019.
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Figure 11

Seasonal variation of the mean RSF (blue), FSF (red) and SSF (yellow) duration in Tucumán from
November 2014 to December 2019 (M: March, J: June, S: September, D: December).
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Figure 12

From top to bottom: daily F10.7, Ap index and monthly mean of RSF, FSF and SSF occurrence
percentages in Tucumán from November 2014 to December 2019. Grey regions indicate data gaps.
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Figure 13

Occurrence rates of three types of spread-F under low (blue) and medium (orange) solar activity levels in
Tucumán during November 2014 – December 2019.
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Figure 14

Occurrence rates of three types of spread-F under quiet (blue) and disturbed (orange) geomagnetic
conditions in Tucumán during November 2014 – December 2019.

Figure 15

Plasma bubbles signatures (TEC depletion) in Tucumán during 20/11/14 for PRN 27 (top) and PRN 16
(bottom).
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Figure 16

a) Seasonal variation of the occurrence of Plasma Bubbles over Tucumán for the period November 2014
– March 2019 (M: March, J: June, S: September, D: December). b) Plasma bubbles occurrence rate under
low (dark blue), medium (orange) and high (yellow) solar activity levels. c) Plasma bubbles occurrence
rate under quiet (black) and disturbed (grey) geomagnetic conditions under low solar activity. d) Same as
c) but under medium solar activity.


