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Abstract
Ionospheric irregularities can severely degrade radio communication and navigation sys-
tems. Geomagnetic storms may affect the generation of these irregularities in a way that is 
not yet fully understood. To improve the forecasting of this phenomenon, we need to study 
the ionosphere in different regions of the world, and in particular in the equatorial ioni-
zation anomaly (EIA) where irregularities are usually more intense. This study analyses 
the effect of geomagnetic storms on ionospheric irregularities. We examined the occur-
rence of irregularities at the southern crest of the EIA in Argentina (Tucumán, 26.9°S, 
294.6°E, dip latitude 15.5°S) during three intense and one moderate geomagnetic storm 
of different solar sources, between 2015 and 2018. We used data from an ionosonde, a 
Global Positioning System receiver and magnetometers. Ionogram spread-F, the F-layer 
bottom side (h’F), the critical frequency of the F2-layer (foF2), the rate of TEC index and 
the S4 scintillation index were analysed. The data show irregularities were present as range 
spread-F and moderate TEC fluctuations in one storm: 27 May 2017 (a coronal mass ejec-
tion CME-driven storm occurred on local winter), and were absent in the other events. 
We suggest that eastward disturbance dynamo electric field and over-shielding prompt pen-
etration electric fields may create favourable conditions for developing these irregularities, 
whereas westward storm time electric fields might inhibit the growth of irregularities dur-
ing the other storms considered. During co-rotating interaction region CIR-driven storms, 
the westward disturbance dynamo electric field may be associated with the non-occurrence 
of irregularities.
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1 Introduction

Ionospheric irregularities are regions in the ionosphere with electron density notably dif-
ferent from the background. Their scale size ranges from tens of centimetres to hundreds 
of kilometres, and they can last from minutes to several hours. These irregularities are a 
major space weather issue because they can degrade navigational signals, disrupt satellite 
to ground communications and cause large positioning errors. Ionospheric irregularities 
depend on local time, season, latitude, longitude, solar, and geomagnetic activity (Abdu 
2012; Madhav Haridas et  al. 2018; Tsunoda 2006). At equatorial and low latitudes, the 
gravitational Rayleigh–Taylor instability mechanism generates the ionospheric irregulari-
ties (Balsley et al. 1972; Dungey 1956). The major driver for its generation is the vertical 
ExB drift (Fejer et al. 1999). A seed perturbation, e.g. gravity-waves, is also necessary for 
the initiation of the irregularities. A variety of techniques have been used to study this phe-
nomenon: radar observations, ground-based Global Navigation Satellite System (GNSS), 
optical imaging techniques and in situ satellite measurements. Plasma density irregulari-
ties of several hundreds of meters can cause rapid fluctuations in the signal amplitude and 
phase in a received electromagnetic wave, called scintillation. Global Positioning System 
(GPS) L-band scintillations are caused by irregularities of ~ 400 m scale size (Briggs and 
Parkin 1963). Furthermore, irregularities can manifest as Total Electron Content (TEC) 
depletions. These are sudden reductions in TEC followed by a recovery to a level near 
the TEC value preceding the depletion (Valladares et al. 2004). Magdaleno et al. (2012) 
considered TEC depletions greater than 5 TECu (1 TECu =  1016 electron/m2) to be associ-
ated with plasma bubbles. In ionograms, irregularities cause backscatter signatures called 
spread-F; Range spread-F (RSF) if the broadening is in height and frequency spread-F 
(FSF) if the broadening is in the frequencies (Piggott and Rawer 1978). Night-time TEC 
depletions and scintillations are correlated with ionospheric irregularities at the crest of the 
equatorial ionization anomaly (EIA) (Dashora and Pandey 2005). Therefore, GPS derived 
TEC and amplitude scintillations of L-band frequencies have been used to characterize the 
irregularities.

The understanding of the short-term and day-to-day variabilities of the ionospheric 
plasma irregularities is essential to develop predictive capabilities of their occurrence. Dif-
ferent mechanisms drive these short-term variabilities: upward propagating atmospheric 
waves from the lower atmosphere (e.g. gravity waves and planetary waves), or equator-ward 
propagating disturbances originated during geomagnetic storms. The magnetosphere accu-
mulates energy from the solar wind and dissipates it through geomagnetic storms that drive 
electrical currents and produce magnetic disturbances. At low latitudes, the ionospheric 
disturbances during geomagnetically active periods are mainly because of the effects of 
the prompt penetration electric fields (PPEFs) and the disturbance dynamo electric fields 
(DDEFs) (Blanc and Richmond 1980; Senior and Blanc 1984). Under southward orienta-
tion of the interplanetary magnetic field (IMF) Bz and the sudden increase in the Auroral 
Electrojet (AE) index—this index describes the auroral zone magnetic activity produced by 
enhanced ionospheric currents flowing below and within the auroral oval (Davis and Sugi-
ura 1966)—the interplanetary electric field (IEF) is mapped to high latitudes as a dawn-
dusk electric field and penetrates nearly instantaneously into low latitudes. This is called 
prompt penetration/under-shielding electric field and its polarity is eastward (westward) on 
the day-side (nightside). When Bz turns north and the AE index decreases, the associated 
over-shielding electric field penetrates to the low latitude ionosphere with opposite polar-
ity of that of the under-shielding electric field (i.e. westward electric fields during the day 
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and eastward at night). The dynamo action of storm time winds driven by the auroral heat-
ing process produces the DDEFs. During geomagnetic storms, the energy input at high 
latitudes may establish a pressure gradient that affects the global wind circulations. This 
leads to the development of the DDEF due to plasma motion (Blanc and Richmond 1980). 
The DDEF has a polarity similar to that of the PPEF. It is observed several hours after the 
storm onset and generates long-lasting perturbations electric fields. The electric field per-
turbations generated by the PPEF are rapid and short-lived (2–3 h) (Fejer et al. 1979). The 
thermospheric winds (meridional and zonal) also play a role in the development of irregu-
larities. During quiet times, thermospheric meridional neutral winds can uplift the F-layer 
at low latitudes and increase the growth rate of the Rayleigh–Taylor instability (Dao et al. 
2017; Huba and Krall 2013). At post-sunset, both meridional and zonal winds may change 
the features of the low latitude F-layer. As it was discussed by Abdu (1997), the global 
changes in the thermospheric circulation due to the energy deposition at high latitudes 
during geomagnetic storms cause disturbances in the zonal and meridional winds. At low 
latitudes, these disturbance winds can modify the vertical plasma drifts and the F-layer 
height. Changes in the zonal wind can affect the normal development of the pre-reversal 
enhancement (PRE), this is the enhancement of the vertical E × B drift due to the eastward 
electric field at post-sunset (Rishbeth 1971). Therefore, this will influence the post-sunset 
irregularities generation. Whereas, the meridional (or trans-equatorial) disturbance winds 
may enhance the field line integrated conductivity and retard the irregularities’ growth 
processes (Maruyama and Matuura 1984; Maruyama 1988). Then, the disturbance zonal 
and meridional thermospheric winds tend to inhibit the development of ionospheric irregu-
larities (Abdu 1997). Gravity waves that induce oscillations in the F-layer height can also 
change the PRE and thus affect the short-term variability of the ionospheric irregularities. 
When the amplitude of the PRE is small, the modulation of the gravity waves is more sig-
nificant and the PRE can even be suppressed (Abdu and Brum 2009).

Although several studies have been conducted, the effects of geomagnetic storms on 
ionospheric irregularities are not yet fully understood. Some researchers found that mag-
netic activity increases the occurrence of irregularities (Fejer et  al. 1999). Singh et  al. 
(2015) analysed the equatorial and low-latitude ionosphere response to an intense geomag-
netic storm over the Indian sector. They showed that strong scintillation occurred at post-
sunset on storm day at low latitudes. They attributed the generation of these irregularities 
to the enhanced TEC values due to the strong PRE. Ray et al. (2015) reported that during 
intense geomagnetic storms, spread-F generates within four hours of southward Bz cross-
ing − 10 nT when under-shielding condition prevails in that longitude sector for which the 
local time is dusk. Whereas other researchers showed that the occurrence probability of 
irregularities decreased during geomagnetically active periods (Lyon et  al. 1960). Sahai 
et  al. (2011) analysed the ionospheric F-region in the Latin American sector during an 
intense geomagnetic storm and showed that DDEFs inhibited the formation of post-sunset 
spread-F. Some works concluded that storms tend to trigger post-midnight spread-F (Dabas 
et al. 1989) and to inhibit the post-sunset ones (Aarons et al. 1980; Alex and Rastogi 1986). 
In the Brazilian sector, Becker-Guedes et al. (2004) reported that post-sunset spread-F was 
triggered during the low spread-F occurrence season, and it was inhibited during the high 
spread-F occurrence season. Aarons (1991) proposed that the generation or inhibition of 
irregularities depends on the local time in which the maximum decrease in Dst occurs. 
He suggested that if the minimum Dst takes place during daytime hours and before sun-
set (10–16 LT) then irregularities are inhibited; if minimum Dst occurs in the midnight to 
post-midnight (0–6 LT) then irregularities are created and if minimum Dst is observed after 
sunset and before midnight (18–22 LT), the F-layer height is not disturbed and the normal 
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pattern of the occurrence of irregularities does not change. Bolaji et al. (2019) pointed out 
that to study the effects of geomagnetic storms on the occurrence of irregularities, it is nec-
essary to consider the storm timing and the local characteristics. Therefore, studies from 
different regions are needed to improve our understanding of the short-term behaviour of 
ionospheric irregularities.

In addition, it is meaningful to take heed of the solar sources of geomagnetic distur-
bances–coronal mass ejection (CME) or co-rotating interaction region (CIR)–since their 
characteristics and duration are different (Borovsky and Denton 2006). Dugassa et  al. 
(2020) pointed out that at equatorial and low-latitudes, the response of ionospheric irregu-
larities to a geomagnetic storm depends on its intensity and driving sources. They found 
the CME-driven storms led to more enhancement and suppression effects than the CIR-
driven storms. They suggested that the difference in the oscillation frequency of IMF Bz 
in CIR and CME storms may affect the generation of PPEFs and DDEFs and, hence, the 
development of ionospheric irregularities.

The occurrence characteristics of ionospheric irregularities require more investigation 
to advance our understanding of the physical mechanisms responsible for its generation 
and day-to-day variability during disturbed geomagnetic conditions. Hence, improve the 
forecasting of the occurrence of these irregularities, especially around the EIA where they 
are most pronounced (Basu et al. 1988). This work aims to study the occurrence of iono-
spheric irregularities during geomagnetic storms at a location near the southern crest of 
the EIA in Argentina (Tucumán, 26.9°S, 294.6°E; magnetic latitude 15.5°S). We selected 
the storms based on data availability. Four events have complete data sets: 7/10/2015, 
6/3/2016, 27/5/2017, and 25/8/2018. Therefore, we examined the presence of amplitude 
scintillation, TEC depletions and spread-F (RSF and FSF) over Tucumán during each of 
these four geomagnetic storms (two CME- and two CIR-driven storms).

2  Data and methodology

We used data from a GPS receiver and an ionosonde near the southern crest of the EIA 
in Argentina (Tucumán, 26.9°S, 294.6°E, dip latitude 15.5°S). The considered geomag-
netic storms are listed in Table 1, three of them were intense and one was moderate, and 
they occurred in equinox and winter during the descending phase of the solar cycle 24. 
We classified the storms according to the Disturbed Storm Time (Dst) index (Gonzalez 
et  al. 1999): Dst <  − 100 nT characterized an intense storm and − 100 nT ≤ Dst <  − 50 
nT a moderate storm. This index was obtained from the World Data Center (WDC) for 
Geomagnetism, Kyoto, Japan (http:// wdc. kugi. kyoto-u. ac. jp). The value of the monthly 
mean solar radio flux at 10.7 cm, namely the F10.7 index, is also indicated in Table 1 
to show the level of solar activity. This index is provided by Dominion Radio Astro-
physical Observatory and Natural Resources Canada (https:// www. space weath er. gc. 

Table 1  Geomagnetic storms 
analysed in this work, their 
minimum Dst value, the type of 
storm according to the Dst index 
(weak, moderate or intense), the 
monthly mean F10.7 (in solar 
flux units, sfu) and the season of 
occurrence

Storm day Minimum 
Dst (nT)

Type of storm Monthly mean 
F10.7 (sfu)

Season

7/10/2015 − 124 Intense 103.3 Equinox
6/3/2016 − 98 Moderate 90.6 Equinox
27/5/2017 − 125 Intense 75.2 Winter
25/8/2018 − 174 Intense 70.8 Winter

http://wdc.kugi.kyoto-u.ac.jp
https://www.spaceweather.gc.ca/solarflux/sx-en.php
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ca/ solar flux/ sx- en. php). To analyse the geospace condition during the storms, we used 
the North–South component (Bz) of IMF (obtained from the Advanced Composition 
Explorer, ACE), the zonal component (Ey) of the IEF, the Kp index (all available at 
https:// omniw eb. gsfc. nasa. gov), the AE index (provided by the WDC for Geomagne-
tism, Kyoto) and the Dst index. When the AE index was not available, we used the 
SuperMAG electrojet index (SME) (https:// super mag. jhuapl. edu/). The SME index is a 
generalization of the AE index calculated from over 100 geomagnetic stations (12 sta-
tions are used to obtain the AE index). We got the GPS data from the Low Latitude Ion-
ospheric Sensor Network (LISN) website (http:// lisn. igp. gob. pe). A 25° elevation mask 
was used to reduce the effects of multi-path. We used the scintillation index S4 to quan-
tify the intensity of the amplitude GPS L band scintillation (Davies 1990). S4 is defined 
as the normalized standard deviation of the received signal power intensity, I (Eq.  1) 
and it is dimensionless. S4 > 0.5 indicates strong scintillation activity and 0.1 < S4 ≤ 0.5 
indicates weak scintillation activity.

The vertical TEC (VTEC) was derived every 10 s using the analysis code developed by 
Seemala and Valladares (2011). To describe the strength of ionospheric irregularities, we 
used the rate of change of TEC (ROT) (Eq. 2) and the rate of TEC index (ROTI) (Eq. 3) 
along the signal path from each visible satellite to the receiver (Pi et al. 1997).

where k is the time of epoch and i is the visible satellite. The sampling interval used to 
calculate ROT is 0.5 min, and the time window of the standard deviation of ROTI is 5 min. 
ROTI < 0.25 TECU/min indicates no TEC fluctuations, 0.25 ≤ ROTI < 0.5 indicates weak 
TEC fluctuations, 0.5 ≤ ROTI < 1 moderate TEC fluctuation and ROTI ≥ 1 strong TEC fluc-
tuations (Astafyeva et al. 2018; Ma and Maruyama 2006). This method detects irregulari-
ties with size of ~ 20 km (Nishioka et al. 2008).

The ionograms were recorded by the Vertical Incidence Pulsed Ionospheric Radar 
(VIPIR) and are available on the website of the Low Latitude Ionospheric Sensor Net-
work (LISN) (http:// lisn. igp. gob. pe). The VIPIR operates between 0.3 and 25 MHz with 
a sounding repetition of 5 min (Bullett 2008). Each ionogram was manually examined 
for the presence of spread-F. We scaled the virtual height of the F-layer bottom side 
(h’F) and the critical frequency of the F2-layer (foF2). To estimate the quiet-time values 
of h′F and foF2 we calculated the average for the ten International Quietest Days (IQDs) 
and the standard deviations. Table 2 shows the ten IQDs for each month (October 2015, 
March 2016, May 2017 and August 2018), the maximum Kp and minimum Dst values 
for each group of days. The IQDs are defined according to the geomagnetic Kp index, 
the GFZ German Research Centre for Geosciences use three criteria to select the IQDs 
for each month: the sum of the eight Kp values, the sum of squares of the eight Kp 
values and the maximum of the eight Kp values. The days are ordered and numbered 
according to these criteria, for each day the mean of these three numbers is a measure 

(1)S4 =
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of its relative geomagnetic activity within this month (Matzka et al. 2021). IQDs can be 
obtained at https:// www. gfz- potsd am. de/ en/ kp- index/.

We used the ΔH parameter to study the occurrence of penetration electric fields. ΔH 
is the difference in the magnitudes of the horizontal geomagnetic field component (H) 
between a magnetometer placed on the magnetic equator (Jicamarca, dip latitude 0.4°N) 
and one displaced 6°–9° away, outside the equatorial electrojet (EEJ) influence (Piura, dip 
latitude 6.8°N). ΔH is related to the EEJ strength and provide an approximation of the 
zonal electric field during daytime (De Siqueira Negreti et al. 2017; Wei et al. 2015), this is 
between 11:00 and 23:00 UT in the Peruvian sector. The magnetometer data can be down-
loaded from the LISN website.

3  Results

3.1  Storm of 7 October 2015

An intense geomagnetic storm  (Dstmin = − 124nT, Kp = 7) occurred in the early hours 
of 7 October 2015 (equinox) due to a CIR. This is a boundary zone between slow- and 
fast-moving solar wind streams. The Dst index showed a two-step response (Fig.  1); it 
decreased to − 93 nT at 9 UT (6 LT) then it recovered and decreased again to its minimum 
value at 22 UT (19 LT). This is a two-phase geomagnetic storm: two main phases and two 
recovery phases. The highest Kp value (Kp = 7) was seen at 18 UT (15 LT) on 7 Octo-
ber, AE was highly variable with a peak of 1227 nT at 18 UT (15 LT), a similar irregular 
behaviour was observed in IMF Bz, it oscillated rapidly between north and south. Whereas 
Ey (that is proportional to − Vsw × Bz where Vsw is the solar wind speed) also showed 
oscillations but remained eastward most of the time.

The RSF occurrence rate (number of days with RSF divided by the number of days 
with data available in a month) during October 2015 was 70%, the FSF occurrence was 
20% and the plasma bubble occurrence, detected as TEC depletion greater than 5 TECu 
(Magdaleno et  al. 2012), was 16% (Fig. 2). However, no TEC depletions were observed 
during the period of the storm, and S4 was always below 0.2 (Fig. 3). We did not observe 
spread-F despite h′F is higher than the values for quiet-time between ~ 0–10 UT (21–7 LT) 
on 7 October (Fig. 4). During the period of the storm, foF2 were close to those of quiet 
days except on 7 October at 0–6 UT (21–3 LT) when foF2 was lower during disturbed days 
than during quiet days, this decreased in foF2 is called negative ionospheric storm. There 
was an irregular behaviour in ΔH (Fig. 5) on 7 October between 13 and 21 UT (10–18 LT). 

Table 2  The ten International Quietest Days (IQDs) for the months with storms, the maximum Kp and min-
imum Dst values for each group of days

Month Ten Quietest days Maximum Kp Mini-
mum Dst 
(nT)

October 2015 26, 28, 27, 19, 29, 22, 23, 31, 16 and 25 2.7 − 1
March 2016 26, 13, 5, 4, 25, 22, 24, 31, 9 and 3 2.3 − 4
May 2017 26, 25, 6, 24, 13, 31, 6, 2, 5 and 1 2.3 − 3
August 2018 6, 14, 10, 13, 23, 30, 9, 5, 8 and 31 2.3 − 27

https://www.gfz-potsdam.de/en/kp-index/


135Acta Geodaetica et Geophysica (2022) 57:129–155 

1 3

Fig. 1  Bz, Ey, Kp, Dst and AE during 6–8 October 2015
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This may be related to the oscillations in IMF Bz, a characteristic of CIR-driven storms. 
ΔH showed negative values around 17 UT (14 LT) that could be a signature of the pres-
ence of a westward electric field.

3.2  Storm of 6 March 2016

A moderate geomagnetic storm occurred on 6 March 2016 (equinox) when a CIR hit the 
Earth’s magnetic field (Fig. 6). The minimum Dst (− 98 nT) and the maximum Kp index 
(6) were observed at 21 UT (18 LT). AE showed its highest value (1177 nT) at 17 UT 
(14 LT), decreased and then increased again to a second peak (770 nT) at 22 UT (19 LT) 
and it was highly variable during the rest of the day and on the next day. Ey has an irreg-
ular behaviour mainly with positive values with peaks of 4.8  mV/m at 18 UT (15 LT), 

Fig. 2  Top panel, range spread-F (RSF) occurrence (red) and frequency spread-F (FSF) occurrence (blue) 
at Tucumán during October 2015. White indicates data gaps. Bottom panel, strong TEC depletions occur-
rence (green) during October 2015. (Color figure online)
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4.7 mV/m at 16 UT (13 LT) and 4.1 mV/m at 21 UT (18 LT) on 6 March. Bz turned south 
at ~ 8 UT (5 LT), and from 16 UT (12 LT) exhibited an oscillatory behaviour between north 
and south. The oscillations diminished after ~ 8 UT (5 LT) on 7 March. During each south-
ward turning, the eastward electric field increased.

Fig. 3  a TEC for different satellites at Tucumán on 6, 7 and 8 October 2015. b S4 index for different satel-
lites on 6, 7 and 8 October 2015. Different colours indicate different satellites

 
 

Fig. 4   h′F and foF2 at Tucumán during 6–8 October 2015. The grey lines are ± 1 standard deviation of the 
average quiet day’s value
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In March 2016, 48% of the days showed RSF, 30.4% showed FSF (Fig. 7) and one day 
showed strong TEC depletion (not shown here) before the start of the storm: 6 March 
between 1 and 3 UT (22–0 LT) in coincidence with strong scintillation activity. During the 
period of the storm, the S4 index was usually lower than 0.2 (Fig. 8a) and no TEC fluctua-
tion neither spread-F were observed. As an example, Fig. 8c shows ROTI values for some 
satellites on 6 and 7 March and Fig. 8d depicts the satellite tracks. Usually, h′F was close 
to its quiet-time reference value during the period of the storm (Fig. 9), except for 6 March 
at 19 UT to 7 March at 3 UT and 7 March between 7 and 11 UT when storm-time h’F was 
higher than quiet-time h’F, on 8 March between 14 and 21 UT h’F was lower than during 
quiet-times. Finally, foF2 during disturbed days was similar to the quiet values, except for a 
negative ionospheric storm phase observed on 7 March from 18 to 24 UT.

ΔH was highly variable during the period of the storm (Fig.  10), with negative val-
ues on 6 March around 17:30–18:20, 18:30–19:30 and 19:40–20:10 UT (14:30–15:20 
LT, 15:30–16:30 LT and 16:40–17:10 LT), this may be related to westward electric fields. 
Whereas, positive values were observed at 18:20–18:30 UT, 19:30–19:40 and after 20:10 
UT. The period 17–21 UT on 6 March corresponds to the main phase of the storm when 
IMF Bz oscillated from north to south and vice versa and AE showed periods of increase 
and decrease. This may explain the irregular behaviour observed in ΔH.

3.3  Storm of 27 May 2017

An intense geomagnetic storm occurred on 27 May 2017 (local winter) when an interplan-
etary CME hit Earth’s magnetic field at 15:34 UT (12:34 LT), (the time of sudden storm 
commencement, SSC, was obtained from the International Service on Rapid Magnetic 
Variations of the Ebre Observatory, http:// www. obseb re. es/ en/ rapid). The minimum Dst 
(− 125 nT) was seen on 28 May at 7 UT (4 LT) and the highest Kp (7) occurred at 3 UT (0 
LT) (Fig. 11). Bz presented a strong southward excursion with a peak of − 20 nT whereas 
Ey increased during the storm main phase and reached 7.7 mV/m on 28 May at 0 UT (21 
LT). AE showed three peaks, 949 nT at 23 UT (20 LT) on 27 May, 1163 nT at ~ 2 UT (23 
LT) and 1270 nT at ~ 5 UT (2 LT) on 28 May. A second enhancement of the geomagnetic 

 

Fig. 5  Difference between horizontal geomagnetic field components (H) at Jicamarca and Piura, Peru, dur-
ing 6–8 October 2015

http://www.obsebre.es/en/rapid
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Fig. 6  Bz, Ey, Kp, Dst and AE during 6–8 March 2016. (Color figure online)
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activity occurred on 29 May at ~ 13 UT (10 LT): Bz reached − 12 nT, Ey = 4.5  mV/m, 
Kp = 4 and one hour later AE was 839 nT.

During the period of the storm, we observed weak L band scintillation activity 
(Fig.  12a). TEC depletions were seen during the main phase of the storm, on 28 May 
around 1–5:30 UT (22–2:30 LT) (Fig. 12c) but TEC depletion greater than 5 TECu were 
only present in one day of the month: May 4 (not shown here). According to the ROTI val-
ues, moderate and weak TEC fluctuations were present during the main phase of the storm 
on 28 May around 2 UT. Figure 12d depicts some examples for PRN 13, 15, 17 and 24 and 
Fig. 12e shows their trajectories. The RSF occurrence rate was 64.5% in May 2017 and, 
during the main phase of the storm, RSF was present for several hours: on 28 May from 
00:43 to 7:33 UT (27 May, 21:43–28 May, 4:33 LT). Figure 12b shows an example of an 
ionogram with RSF recorded on 28 May, and Fig. 13 depicts the RSF and FSF occurrence 
during the entire month. An increase in h′F was seen on 28 May at 0–6 UT (Fig. 14), when 
it was higher than the quiet-time levels. Unfortunately, we were unable to obtain the height 
values on 28 May between 6 and 10 UT because of the presence of spread-F in the iono-
grams. During 27 and 29 May, storm-time h′F was similar to the quiet-time h′F. The foF2 
was usually close to the quiet-time levels, except on 28 May at ~ 14–20 UT, when a posi-
tive ionospheric storm (increase in foF2) was observed. ΔH showed positive values during 
the period of the storm considered, whereas it was negative on 29 May at ~ 11:30–14 UT 
(8:30–11 LT) when a substorm was observed, negative values in ∆H may be the effect of 
westward electric fields (Fig. 15).

3.4  Storm of 25 August 2018

On 25 August 2018 (local winter), an interplanetary CME hit the Earth’s magnetic field 
and triggered an intense geomagnetic storm. The source of this CME was probably a 

Fig. 7  Range spread-F (RSF) occurrence (red) and frequency spread-F (FSF) occurrence (blue) at Tucumán 
during March 2016. White indicates data gaps. (Color figure online)
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filament eruption observed on 20 August (Piersanti et al. 2020). The Dst reached a mini-
mum value of − 174nT and Kp a maximum of 7 at ~ 7 UT (4 LT) on 26 August (Fig. 16). 
Bz flipped southward on 25 August at ~ 16 UT (13 LT) and showed an oscillatory behav-
iour on 26 August at 8–20 UT (5–17 LT). Ey increased from 25 August at 14 UT (11 LT) 
and peaked at 5 UT (2 LT), like Bz, Ey also presented an irregular behaviour after 8 UT 
on 26 August, with mostly positive values. There were no data available for the AE index 
during the period of the storm, so we decided to use the SME index to evaluate the auroral 
zone magnetic activity. SME increased from 25 August at around 17 UT (14 LT) and its 
highest value was 1565 nT at ~ 3 UT (~ 0 LT) on 26 August. Then, it irregularly decreased 
to quiet values and increased again after 0 UT on 27 August (22 LT on 26 August).

During the period of the storm, S4 was usually lower than 0.2 and ROTI was lower 
than 0.5, this means weak L band scintillation and weak TEC fluctuation were present. 
Figure 17 depicts the S4 index and, as an example, the ROTI for PRN 26 during 25–27 
August 2018. There were no ionosonde data for most of August 2018, so we did not calcu-
late the spread-F occurrence rate for this month, however previous researchers have found 
that in winter months during low solar activity–such as August 2018–spread-F occurrence 

Fig. 8  a S4 index at Tucumán during 6–8 March 2016. Different colours indicate different satellites. b TEC 
for different satellites at Tucumán during 6–7 March 2016. c ROTI for PRN 3, 9 and 30 on 6 and 7 March 
2016. d Trajectories of PRN 3, 9 and 30 on 6 and 7 March 2016 for the periods considered in the plots 
shown in c. (Color figure online)
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is high at the southern crest of the EIA (Candido et  al. 2011). But, during the days of 
the storm, the ionograms did not show spread-F. The disturbed h′F values were usually 
similar to the quiet-time values (Fig. 18) but on 26 August at ~ 20 UT (~ 17 LT) h’F was 

 
 

Fig. 9  h′F (top) and foF2 (bottom) for Tucumán during 6–8 March 2016. The grey lines are ± 1 standard 
deviation of the average quiet day’s value

 

Fig. 10  Difference between horizontal geomagnetic field components (H) at Jicamarca and Piura, Peru, dur-
ing 6–8 March 2016
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higher during the storm than during quiet days. Whereas, a positive ionospheric storm was 
observed on 26 August at 0–6 UT (21–3 LT), at 12–18 UT (9–15 LT) and on 27 August at 
12–19 UT (9–16 LT). ΔH (Fig. 19) was negative on 26 August at 11–15 UT (8–12 LT) and 
15:30–18:30 UT (12:30–15:30 LT), during part of the main phase and the recovery phase 
of the storm. ΔH < 0 also during 25 August at 11–13 UT and on 27 August around 12 UT. 
ΔH was positive on 26 August at ~ 19–23 UT (~ 16–20 LT), during the recovery phase.

4  Discussion

Only one of the four geomagnetic storms showed ionospheric irregularities (spread-
F in ionograms, TEC depletions and GPS L band scintillation): 27 May 2017. This was 
an intense storm driven by a CME. It occurred in local winter during low solar activity 
(mean F10.7 = 75.2 sfu). RSF, moderate TEC fluctuation and weak GPS L band scintilla-
tion were seen during the storm’s main phase. The RSF started at ~ 22 LT on 27 May and 
lasted until ~ 4 LT on 28 May. Whereas, the TEC fluctuation vanished around 2 LT. During 
this period, Bz was turning north, Ey was decreasing and AE was increasing irregularly. 
These irregularities may be related to an eastward DDEF that might be acting since the 
irregularities were seen several hours after the storm onset. Another possibility is the effect 
of an over-shielding eastward electric field that reached low latitudes, associated with the 
Bz turning north at this time. ΔH is used to assess the occurrence of penetration electric 
fields during the daytime, due to higher Cowling conductivity during the day than at night. 
However, several researchers reported PPEF signatures in ΔH on the nightside (Fejer et al. 
2007; Galav et  al. 2011). Moreover, Wei et  al. (2013) concluded that nightside ΔH can 
sometimes manifest a PPEF in the midnight-dawn sector (00–05 LT). We observed that on 
28 May, ΔH increased between 2–8 UT (23–5 LT), this may be associated with an east-
ward penetration electric field.

During this storm, we observed RSF, but the amplitude scintillation was weak. The 
ionospheric irregularities detected by the ionosonde and the GPS receiver are of different 
sizes; the amplitude scintillation is caused by irregularities of few hundreds of meters of 
scale-size whereas, the ionosonde can detect larger-scale irregularities (> 1 km) (de Paula 
et al. 2007 and references therein). Therefore, the irregularities present on this day may be 
larger than those necessary for scintillation to occur.

Our observations for the May storm suggest eastward storm time electric fields (PPEF 
and/or DDEF) may induce disturbance upward ExB drifts that rise the F region to heights 
of lower ion-neutral collision frequency and lower recombination rate. An increase 
in the h′F values was observed during the main phase of the storm. This could enhance 
the growth rate of the gravitational Rayleigh–Taylor instability mechanism and help cre-
ate favourable conditions for irregularities to develop (if a seed perturbation is present) 
(Dungey 1956; Fejer et al. 1999). The results are consistent with the studies carried out by 
Abdu et al. (2012). They concluded that post-midnight spread F can develop from over-
shielding electric fields during two moderate geomagnetic storms at low latitudes in Brazil. 
Also in Brazil, Sahai et al. (2007) reported plasma bubbles during the recovery phase of an 
intense geomagnetic storm in winter. For the other storms under consideration, PPEFs and/
or DDEFs of westward polarity may cause a downward drift of the F-region plasma and 
might inhibit the formation of irregularities. Possible signatures of these westward electric 
fields can be observed in ∆H on 6 March between 17:30 and 20 UT (14:30–17 LT) and on 
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26 August between 11 and 18:30 UT (8–15:30 LT). It is important to note that on 6 March 
between 19 and 20 UT, when ΔH is negative, h′F is higher than during quiet-time. At low 
latitudes in Brazil, de Paula et al. (2019) reported that ionogram spread-F, GPS and VHF 
amplitude scintillations were completely inhibited during a geomagnetic storm in Septem-
ber 2017. They suggested westward DDEFs caused a strong counter-electrojet (negative 
ΔH values) and a downward movement of the F-layer height, and therefore suppressed 
the formation of irregularities. In the American sector, de Abreu et al. (2017) showed that 
ionospheric irregularities were not affected by the intense geomagnetic storm on 1–3 June 
2013. Dugassa et al. (2020) reported that during the solar minimum period 2007 to 2009, 
there were no significant effects of geomagnetic storms in the occurrence of ionospheric 
irregularities over low-latitudes in Africa. Previous studies observed similar behaviour in 
different longitudes e.g. Abdu et al. (2006), Amaechi et al. (2018), Ngwira et al. (2013). In 
the present work, we may attribute the absence of ionospheric irregularities in three of the 
four storms examined to the effect of westward DDEFs and/or westward PPEFs. An over-
shielding (under-shielding) electric field associated with the northward (southward) orien-
tation of Bz acting during post-sunset (post-midnight) hours may suppress the generation 
of ionospheric irregularities at the southern crest of the EIA. Irregularities usually occur 
after large and consistent southward excursions in Bz during post-sunset (Martinis et  al. 
2005), for the CIR-driven storms (October and March storms) and during the recovery 
phase of the August storm, the oscillatory behaviour—several short-lived southward and 
northward turnings—in Bz may create several under-shielding and over-shielding electric 
fields with opposite polarity. Therefore, the effect of the PPEFs may not be significant. We 
suggest the DDEF could be the primary cause of the inhibition of irregularities. However, 
other parameters might affect the development of irregularities during disturbed periods at 
low latitudes, e.g. gravity waves or travelling ionospheric disturbances (TIDs) due to storm 
time Joule heating in the auroral zone (Abdu et al. 2012; Deng et al. 2021). The role of 
these phenomena can be examined in further studies, e.g. using meridional ionosonde data.

The minimum Dst during the May storm occurred in the post-midnight period and, 
according to Aarons (1991) the F-layer height should rise and create irregularities. Our 
observations agree with this hypothesis. However, the August storm also presented the 
minimum Dst at post-midnight, but we did not detect irregularities. During the October 
and March storms, the minimum Dst took place after sunset, Aarons (1991) suggests the 
storm has no significant effect and irregularities may form as on a quiet night, nevertheless, 
we did not see post-sunset irregularities that were present in several quiet days in Octo-
ber and March. Shang et al. (2008) analysed the effect of strong geomagnetic storms on 
L-band ionospheric scintillation over the eastern Asia equatorial region, they showed that 
for CME-driven storms, when the maximum negative excursion of Dst occurs after 03 LT 
to the early morning hours, no scintillation was observed in the latter half of the night. Our 
results for the May storm and for the August storm (both driven by CMEs) agree with this 
conclusion. For these events, the minimum Dst took place at 4 and 3 LT respectively, and 
we did not see irregularities during the rest of the night. For the May storm, spread-F van-
ished at ~ 4 LT, whereas for the August storm, no irregularities were detected.

On 6 October at 21–7 LT and on 7 March at 4–8 LT the F-layer rise to higher val-
ues than during quiet time, but irregularities were not detected, this may imply that other 

Fig. 11  Bz, Ey, Kp, Dst and AE during 27–29 May 2017. The arrow indicates the sudden storm commence-
ment (SSC)

▸
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processes could inhibit the development of the irregularities at this time. Moreover, we 
observed negative ionospheric storms on 7 October at 0–6 UT (21–3 LT) and on 7 March 
from 18 to 24 UT (15–21 LT). At low latitudes, changes in the F-layer height can be caused 
by the disturbance thermospheric meridional winds generated in the auroral zone that 
travel to the equatorial region (Sahai et al. 2011), F-layer height increases in the upwind 
hemisphere whereas it decreases in the downwind hemisphere. Shang et  al. (2008) sug-
gested that the disturbance of neutral winds might be responsible for the suppression of 
scintillation. This conforms to previous researchers (Maruyama 1988; Abdu 1997) who 
pointed out that the meridional disturbance winds that control the flux tube-integrated con-
ductivity and the F-layer bottom side gradient may inhibit or slow down the development 
of ionospheric irregularities by modifying its growth rate. Also, trans-equatorial winds can 

Fig. 12  a S4 index at Tucumán during 27–29 May 2017. Different colours indicate different satellites. b 
Example of RSF observed in ionograms on 28 May 2017 at Tucumán. c TEC at Tucumán on 28 May. The 
circle indicates TEC depletion. d ROTI for PRN 13, 15, 24 and 17 on 28 May 2017. e Trajectories of PRN 
13, 15, 17 and 24 on 28 May 2017 for the periods considered in the plots shown in (d). (Color figure online)
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Fig. 13  Range spread-F (RSF) occurrence (red) and frequency spread-F (FSF) occurrence (blue) at 
Tucumán during May 2017. (Color figure online)

 

Fig. 14   h′F (top) and foF2 (bottom) for Tucumán during 27–29 May 2017. The grey lines are ± 1 standard 
deviation of the average quiet day’s value
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create a latitudinal asymmetry in the EIA that may retard or suppress the development of 
the irregularities. It seems reasonable to suggest that the trans-equatorial/meridional winds 
might be one reason for the absence of irregularities during these periods.

In Tucumán, during the descending phase of solar cycle 24, the low spread-F occur-
rence season was equinox and the high spread-F season was summer except in 2018 when 
the highest spread-F occurrence was winter (González 2021). In this study, spread-F was 
absent during the storms of October 2015, March 2016 (equinox) and August 2018 (local 
winter), whereas it was present during the May 2017 storm (local winter). Becker-Guedes 
et al. (2004) showed that, in the Brazilian sector, geomagnetic storms trigger post-sunset 
spread-F during the low spread-F occurrence season and inhibit it during the high spread-F 
occurrence season. Our observations partially agree with this statement: irregularities did 
not develop during a storm occurred in a month of high spread-F occurrence rate (August 
2018, local winter) over Tucumán.

5  Conclusions

We examined the occurrence of ionospheric irregularities during four geomagnetic storms 
(7/10/2015, 6/3/2016, 27/5/2017 and 25/8/2018) at a station near the southern crest of the 
EIA in South America (Tucumán, 26.9°S, 294.6°E, dip latitude 15.5°S).

The main outcomes of this study are:

1. RSF, moderate TEC fluctuation and weak GPS L band scintillation were seen during 
the main phase of the May storm, an intense storm driven by a CME. The irregularities 
onset was ~ 22 LT and lasted until post-midnight. We suggest that eastward DDEF and 
over-shielding electric fields may be responsible for the generation of these irregulari-
ties.

 

Fig. 15  Difference between horizontal geomagnetic field components (H) at Jicamarca and Piura, Peru, dur-
ing 27–29 May 2017
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Fig. 16  Bz, Ey, Kp, Dst and SME during 25–27 August 2018
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2. Ionospheric irregularities were absent during the other three storms analysed. A pos-
sibility is that westward PPEFs and DDEFs may inhibit the growth of the irregularities.

3. Other factors might also affect the generation of irregularities during the considered 
storms. Some of them are the meridional disturbance winds, which may change the 
field line integrated conductivity of the unstable flux tubes and therefore influence the 
growth of an instability process, and TIDs due to storm time Joule heating. This needs 
to be further analysed.

Fig. 17  S4 index (left) at Tucumán during 25–27 August 2018. Different colours indicate different satel-
lites. ROTI for PRN 26 (right) during 25–27 August 2018. (Color figure online)
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