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a b s t r a c t

The main purpose of this paper is to investigate the response of the ionospheric F layer in the American
and African sectors during the intense geomagnetic storm which occurred on 30 September–01 October
2012. In this work, we used observations from a chain of 20 GPS stations in the equatorial, low- and mid-
latitude regions in the American and African sectors. Also, in this study ionospheric sounding data ob-
tained during 29th September to 2nd October, 2012 at Jicamarca (JIC), Peru, São Luis (SL), Fortaleza (FZ),
Brazil, and Port Stanley (PST), are presented. On the night of 30 September–01 October, in the main and
recovery phase, the h´F variations showed an unusual uplifting of the F region at equatorial (JIC, SL and
FZ) and mid- (PST) latitude stations related with the propagations of traveling ionospheric disturbances
(TIDs) generated by Joule heating at auroral regions. On 30 September, the VTEC variations and foF2
observations at mid-latitude stations (American sector) showed a long-duration positive ionospheric
storm (over 6 h of enhancement) associated with large-scale wind circulations and equatorward neutral
winds. Also, on 01 October, a long-duration positive ionospheric storm was observed at equatorial, low-
and mid- latitude stations in the African sector, related with the large-scale wind circulations and
equatorward neutral winds. On 01 and 02 October, positive ionospheric storms were observed at
equatorial, low- and mid-latitude stations in the American sector, possibly associated with the TIDs and
an equatorward neutral wind. Also, on 01 October negative ionospheric storms were observed at
equatorial, low- and mid-latitude regions in the American sector, probably associated with the changes in
the O/N2 ratio. On the night of 30 September–01 October, ionospheric plasma bubbles were observed at
equatorial, low- and mid- latitude stations in the South American sector, possibly associated with the
occurrence of geomagnetic storm.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

A geomagnetic storm is the result of the energy transfer from
the solar wind to the magnetosphere (Gonzalez and Tsurutani,
1987; Tsurutani et al., 1997). There is a strong relationship be-
tween the occurrence of geomagnetic storms and ionospheric
disturbances. The responses of ionosphere–thermosphere system

in the mid-latitude region during geomagnetic storms have been
extensively documented, during solar cycles 21, 22 and 23 (e.g.,
Prolss and Jung, 1978; Yeh et al., 1991; Pavlov, 1994; Richards and
Wilkinson, 1998; Foster and Rich, 1998; Huang et al., 2003; Kes-
kinen et al., 2004; Foster and Rideout, 2005; Basu et al., 2005;
Annakuliev et al., 2005; Foster et al., 2007; Basu et al., 2008;
Borries et al., 2009; Heelis et al., 2009 and references therein).
Other investigators have studied the ionospheric response of
equatorial and low- latitude F region during geomagnetic storms
in solar cycles 21, 22 and 23 (e. g., Batista et al., 1991; Fejer and
Scherliess, 1997; Abdu, 1997; Sobral et al., 1997; Abdu et al., 1998;
Reddy and Mayr, 1998; Sobral et al., 2001; Batista et al., 2006; de
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Abreu et al., 2010a; Sahai et al., 2011; Klimenko et al., 2011; Batista
et al., 2012; de Jesus et al. 2012). However, the morphology of the
equatorial, low- and mid- latitude due to the intense geomagnetic
storms have not been well covered during solar cycle 24, parti-
cularly in the American and African sectors. The effects of the in-
tense geomagnetic storms on the equatorial, low- and mid- lati-
tude ionosphere are important space weather issues. The interest
in these investigations is associated with the current lack of un-
derstanding and our inability to predict the response of the upper
atmosphere due to geomagnetic storms.

It should be mentioned that the solar cycle 24 shows entirely
distinct characteristics as compared to earlier solar cycles (see
Fig. 1). The solar activity levels can be represented by the deci-
metric solar flux index expressed in F10.7 flux units (Wm�2 Hz�1).
Fig. 1 shows the F10.7 variations from January 1975 to December
2013. The vertical red line in Fig. 1 represents the days 30 Sep-
tember and 1 October 2012 (geomagnetic disturbed period in-
vestigated). Fig. 1 shows that in solar cycle 24 the period of low
solar activity was longer than those in other solar cycles. Fig. 1 also
shows clearly that the values of F 10.7 are smaller in solar cycle 24
than those in previous solar cycles, especially during the period of
high solar activity. The maximum values of F10.7 in solar cycle 21,
22 and 23 are 367, 359.2 and 325.1, respectively. The 191.6 was the
maximum (value of F10.7) in cycle 24 up through 2012. The geo-
magnetic storm analyzed in this investigation occurred during the
period of high solar activity in solar cycle 24, with the F10.7 flux
values ranging from 128 to 136.

During the recent past, several investigators (e.g., Danilov and
Morozova, 1985; Schunk and Sojka, 1996; Abdu, 1997; Buonsanto,
1999; Danilov, 2013) have reviewed the effects of geomagnetic
storms at low-, mid- and high- latitude regions. During the periods
of intense geomagnetic disturbances, a large amount of energy is
dissipated in the polar region, which leads to profound changes in
the global winds circulation via Joule heating (Schunk and Sojka,
1996). According to Buonsanto (1999), if the heating imposed over
the high latitudes due to the solar wind via the magnetosphere are
impulsive, the equatorward winds will take the form of equator-
ward surges or traveling atmospheric disturbances (TADs). It
should be mentioned that TADs can manifest themselves in the
ionosphere as traveling ionospheric disturbances (TIDs) (Hun-
sucker, 1982; Hocke and Schlegel, 1996; Buonsanto, 1999).

Geomagnetic disturbances could initiate positive ionospheric

storms (positive phase), which is characterized by the electron
density greater than normal (average of the quiet days) values
(Prolss, 1993; Buonsanto, 1999; Sahai et al., 2005; de Abreu et al.,
2010a, 2011). Also, the geomagnetic storms could initiate negative
ionospheric storm (negative phase). This case is when the electron
density value is significantly reduced compared to the normal pre-
event value when no stormy condition is in place (quiet period)
(Schunk and Sojka, 1996; Mansilla and Zossi, 2012). It is generally
accepted that the negative ionospheric storms are due to compo-
sition (O/N2 density ratio) changes (Prolss, 1980; Buonsanto, 1999;
Sahai et al., 2009a, 2009b). However, for the positive ionospheric
storms different mechanisms are proposed. Prolss (1995) has
pointed out that positive ionospheric storms are due to an en-
hancement in the equatorward neutral winds arising from the
auroral latitude energy injection.

In this paper, we carried out investigations to understand the
response of the equatorial, low- and mid- latitude ionospheric F
region in the American and African sectors during the intense
geomagnetic stormwhich occurred between 30 September and 01
October 2012 (a period of high solar activity during the unusual
24th solar cycle). We used observations from 20 GPS stations and
4 digital ionosonde stations. The prime objectives of the present
study are to investigate the generation or suppression of the
equatorial ionospheric irregularities and dynamics of the iono-
sphere in the American and African sectors during this intense
geomagnetic storm.

2. Observations

In this study, we present and discuss the simultaneous iono-
spheric sounding observations (minimum F-region virtual height,
h´F, and F-region critical frequency, foF2) from Jicamarca (every
30 min; equatorial station and hereafter referred as JIC), Peru, São
Luis (every 10 min; equatorial station and hereafter referred as SL),
Fortaleza (every 10 min; a near equatorial station and hereafter
referred as FZ), Brazil, and Port Stanley (every 30 min; a mid-la-
titude station and hereafter referred as PST), during the period
from 29 September to 02 October 2012. Also, vertical total electron
content (VTEC) from 20 Global Positioning System (GPS) receivers
in the American and African sectors (see Table 1 and Fig. 2), during
the period from 29 September–02 October 2012, are presented.
The GPS observations are also used to obtain the phase fluctua-
tions (rate of change of TEC) and measurements of scintillations
(S4, amplitude scintillation index). It should be mentioned that the
VTEC is calculated in units of TEC (1 TEC unit¼1016 electrons/m2)
(Wanninger, 1993). As discussed by Adewale et al. (2012), the VTEC
is calculated using the slant TEC (sTEC):
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where Z’ is the zenith angle of the satellite as seen from the ob-
serving station, HS is the ionospheric pierce point altitude, nor-
mally taken as the F region peak, RE is the radius of the Earth
(� 6378.1 km), and E is the elevation angle in radians.

Phase fluctuations are defined by the rate of change of TEC
(ROT) in units of TEC/min which can indeed detect the presence of
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Fig. 1. The 10.7 cm solar flux index variations during 1975–2013. The vertical red
line represents the days of September 30 and October 1, 2012 (period in which an
intense geomagnetic storm occurred). (For interpretation of the references to color
in this figure, the reader is referred to the web version of this article.)
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the large scale ionospheric irregularities of the order of kilometers
(Aarons, 1997; Aarons et al. 1997). The ROT is given by the
equation (Warnant and Pottiaux, 2000; Chandra et al. 2009):
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with ( )tROT iR
S ¼rate of TEC calculated at time epoch ti by receiver

(R) on satellite (S). Where ( )tTEC iR
S and ( )−tTEC iR

S
1 ¼TEC measured

by receiver (R) on satellite (S) at epoch ti and epoch −ti 1

respectively.
According to Aarons et al. (1996), ionospheric amplitude scin-

tillations are due to the scattering ionospheric irregularities of the
order of several hundred meters to a kilometer. The S4 index is
normally used to monitor the ionospheric amplitude scintillations
(Yeh and Liu, 1982; Basu et al., 1999; Li et al., 2008; Deng et al.,

2013). As discussed by Yeh and Liu (1982), S4 index is obtained by
the normalized standard deviation of the received signal power
intensity:
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where I is the signal power amplitude, and the brackets re-
presenting the time average values.

Fig. 2 shows the locations of the digital ionosondes and GPS
receiving stations used in the present investigation. Table 1 pro-
vides the details of the digital ionosonde and GPS stations used in
the present study. The São Luis (SL) and Fortaleza (FZ) stations
belong to the “Instituto Nacional de Pesquisas Espaciais” (INPE)
network. The Jicamarca and Port Stanley data were obtained from
the Digital Ionogram DataBase (DIDBase) by the site http://ulcar.
uml.edu/DIDBase/. The Greenbelt (GODE), Cambridge (HNPT),
Virgin Islands (CRO1), Eusebio (BRFT), Arequipa (AREQ), Cachoeira
Paulista (CHPI), Copiapo (COPO), La Plata (LPGS), Concepcion
(CONZ), Rio Grande (RIO2), Dakar (DAKR), Addis (ADIS), Cotonou
(BJCO), Libreville (NKLG), Mbarara (MBAR), Lusaka (ZAMB),
Windhoek (WIND), Springbok (SBOK) and Sutherland (SUTH)
stations belong to the International GNSS Service (IGS) for Geo-
dynamics. The Iquitos (IQUI) station belong to the “Sistema de
Referência Geocêntrico para as Américas” (SIRGAS). In addition,
several global ionospheric TEC maps produced at the Massachu-
setts Institute of Technology (MIT) Haystack Observatory were
obtained from http://www.haystack.mit.edu/.

Averages of the VTEC and ionospheric parameters (h´F and
foF2) for four geomagnetically quiet days (with geomagnetic index
KPo3) during September (days 27 and 28) and October (days 04
and 05) 2012 were calculated to compare with the observations
obtained during the geomagnetically disturbed period.

The Kp index used in the present study was obtained from the
website http://ftp.gwdg.de./pub/geophys/kp-ap/tab/. The Dst and

Table 1
Details of the digital ionosonde (DI) and Global Positioning System (GPS) sites used in the present study.

American sector

Location Symbol used (Network) Observations Geog. Lat Geog. Long. Dip. Lat. Local Time (LT)

Greenbelt, United States GODE(IGS) GPS 39.0 °N 76.8 °W 48.5 °N LT¼UT�5 h
Cambridge, United States HNPT(IGS) GPS 38.6 °N 76.1 °W 47.9 °N LT¼UT�5 h
Virgin Islands, United States CRO1 (IGS) GPS 17.6 °N 64.6 °W 24.8 °N LT¼UT�4 h
São Luís, Brazil SL (INPE) DI 2.33 °S 44.6 °W 02.4 °S LT¼UT�3 h
Eusebio, Brazil BRFT (IGS) GPS 03.9 °S 38.4 °W 07.4 °S LT¼UT�3 h
Iquitos, Peru IQUI (SIRGAS) GPS 03.8 °S 73.3 °W 07.5 °S LT¼UT�5 h
Fortaleza, Brazil FZ (INPE) DI 04.0 °S 38.0 °W 07.7 °S LT¼UT�3 h
Jicamarca, Peru JIC DI 12.0 °S 76.8 °W 0.08 °S LT¼UT�5 h
Arequipa, Peru AREQ (IGS) GPS 16.5 °S 71.5 °W 04.4 °S LT¼UT�5 h
Cachoeira Paulista, Brazil CHPI (IGS) GPS 22.7 °S 45.0 °W 19.4 °S LT¼UT�3 h
Copiapo, Chile COPO (IGS) GPS 27.4 °S 70.4 °W 14.1 °S LT¼UT�5 h
La Plata, Argentina LPGS (IGS) GPS 34.9 °S 57.9 °W 22.2 °S LT¼UT�4 h
Concepcion, Chile CONZ (IGS) GPS 36.8 °S 73.0 °W 21.3 °S LT¼UT�5 h
Port Stanley PST DI 51.6 °S 57.9 °W 31.5 °S LT¼UT�4 h
Rio Grande, Argentina RIO2 (IGS) GPS 53.8 °S 67.8 °W 32.1 °S LT¼UT�4 h

African sector
Location Symbol used (Network) Observations* Geog. Lat Geog. Long. Dip. Lat. Local Time (LT)
Dakar, Senegal DAKR (IGS) GPS 14.7 °N 17.4 °W 05.0 °N LT¼UT�1 h
Addis Ababa, Ethiopia ADIS (IGS) GPS 09.0 °N 38.8 °E 01.2 °S LT¼UTþ3 h
Cotonou, Benin BJCO (IGS) GPS 06.4 °N 02.5 °E 06.1 °S LT¼UT
Libreville, Gabon NKLG (IGS) GPS 00.4 °N 09.7 °E 13.7 °S LT¼UTþ1 h
Mbarara, Uganda MBAR (IGS) GPS 00.6 °S 30.7 °E 12.2 °S LT¼UTþ2 h
Lusaka, Zambia ZAMB (IGS) GPS 15.4 °S 28.3 °E 32.1 °S LT¼UTþ2 h
Windhoek, Namibia WIND (IGS) GPS 22.6 °S 17.1 °E 42.4 °S LT¼UTþ1 h
Springbok, South Africa SBOK (IGS) GPS 29.7 °S 17.9 °E 46.1 °S LT¼UTþ1 h
Sutherland, South Africa SUTH (IGS) GPS 32.4 °S 20.8 °E 45.8 °S LT¼UTþ1 h

Fig. 2. Map showing the locations of the digital ionosonde and GPS stations, used
in the present investigation.
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AE indices were got from http://wdc.kugi.kyoto-u.ac.jp/dstdir/ and
the solar wind speed (Vp), and interplanetary magnetic field (IMF)
(total magnetic field B and IMF component Bz) were got from
http://www.srl.caltech.edu/ACE/. The F10.7 flux values were ob-
tained from the National Aeronautics and Space Administration
(NASA) website http://omniweb.gsfc.nasa.gov/form/dx1.html.

Fig. 3 shows the Vp, IMF (total magnetic field B and IMF com-
ponent Bz) and variations of the geomagnetic indices (AE, Dst and
Kp) during the period 29 September–02 October 2012. The hor-
izontal orange bars indicate no data. The black vertical dashed line
indicates the time of sudden storm commencement (SSC). The SSC
started at 11:31 UT on 30 September 2012, following the south-
ward turning of IMF Bz. A sudden increase in solar wind speed and

IMF total field occurred at 22:10 UT on 30 September 2012. The
solar wind speed jumps from �312 km/s to �405 km/s. The total
magnetic field magnitude shows an abrupt increase from �7 nT to
�20 nT. The minimum value of Bz¼�20 nT was reached at
23:46 UT on 30 September 2012. The minimum value of Dst index
(�133 nT) was reached at 04:00 UT on 01 October 2012. After the
SSC, during the storm main phase, the Kp index reached �7 on 01
October 2012. The AE index jumps from values under 250 nT to
values of more than 1000 nT during SSC. The increased AE activity
lasts until 01 October 2012. Fig. 3 also shows an increase in the AE
index twice on 2 October 2012 (the first increase occurred at
�11:00 UT and the second at �17:00 UT). The two increases in the
AE index that occurred on 02 October reached the maximum value
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of �500 nT and �370 nT at 11:39 UT and 17:31 UT, respectively.

3. Results

Fig. 4 shows the variations of the ionospheric parameter, h´F
(red lines), observed at SL, FZ, JIC and PST, covering the days on 29,
30 September, 01 and 02 October 2012. The black vertical dashed
line indicates the time of SSC. The horizontal black and orange bars
indicate spread-F and no data, respectively. The horizontal blue
bars indicate the periods when sporadic-E occurred. Fig. 4 shows
the average of the observations on quiet days 27, 28 September, 04
and 05 October 2012 as green bands with 71 standard deviation.

It also shows the Dst index variations during days 29 September–
02 October 2012. The hatched portions indicate local nighttime
periods (18:00–06:00 LT).

Fig. 4 shows that in general, on 29 and 30 September 2012
(geomagnetically quiet period; before SSC), the red lines (h´F)
follow the average patterns at all stations. In Fig. 4 on the night of
30 September–01 October 2012 (during the end of main phase and
first day of the recovery phase), SL, FZ (equatorial stations) (be-
tween �03:00 UT and 09:00 UT), JIC (equatorial station) (between
�03:00 UT and 11:00 UT), and PST (mid-latitude station) (be-
tween �23:00 UT and 11:00 UT) show h´F variations much larger
than average variations, and this effect gradually increases from
equatorial to mid-latitude stations. Fig. 4 shows small oscillations

Fig. 5. The phase fluctuations from GPS signals obtained from different satellites at 11 receiving stations at American Sector during the period 29 September–2 October 2012.
The black vertical dashed line indicates the time of SSC.
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in h’F at FZ during the daytime period on 01 October 2012, due to
the presence of sporadic-E. On the night of 01–02 October 2012
(recovery phase), Fig. 4 shows a decrease in the values of h´F at SL,
FZ and JIC in relation to the geomagnetically quiet period.

Figs. 5 and 6 show the phase fluctuations (rate of change of
TEC) observed (29, 30 September, 01 and 02 October 2012) at
several GPS receiving stations located in the American and African
sector, respectively. Figs. 7 and 8 show the amplitude scintillations
for all satellites with elevation angles higher than 30° recorded in
the American (at 11 receiving stations) and African (at 9 receiving

stations) sectors, respectively. It should be mentioned that phase
fluctuations and amplitude scintillations are due to large-scale
ionospheric irregularities (of the order of kilometers) and small
scale ionospheric irregularities (of the order of several hundred
meters to a kilometer), respectively.

Figs. 4, 5 and 7 show the occurrence of ionospheric irregularities
at equatorial and low- latitude stations (American sector) on the
night of 28–29, 29–30 September (before SSC), 01–02 and 02–03
October 2012 (recovery phase). Figs. 4, 5 and 7 also show the oc-
currence of ionospheric irregularities on night of 30 September–01

Fig. 6. The phase fluctuations from GPS signals obtained from different satellites at 9 receiving stations at African Sector during the period 29 September–02 October 2012.
The black vertical dashed line indicates the time of SSC.
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October 2012 (main and recovery phase) at equatorial (SL, FZ, JIC,
IQUI, and BRFT), low- (AREQ, CHPI and COPO) and mid- (CONZ and
PST) latitude regions, in the American sector. Figs. 6 and 8 show
phase fluctuations and amplitude scintillations (ionospheric irre-
gularities), respectively, on the night of 29–30 September (before
SSC), 30 September–01 October, 01–02 and 02–03 October 2012
(during geomagnetic storm period) at DAKR, ADIS, BJCO (equatorial
stations), NKLG and MBAR (low-latitude stations), in the African
sector.

Fig. 9 shows the variations of the ionospheric parameter, foF2
(red lines), observed at SL, FZ, JIC and PST, for the period in-
vestigated (29 September–02 October 2012). The hatched portions
indicate local nighttime periods (18:00–06:00 LT). The horizontal
black bars indicate periods when spread-F occurred. The hor-
izontal orange bars indicate no data. The averaged foF2 (four quiet
days viz. 27, 28 September, 04 and 05 October 2012) variations are
shown as green bands and their widths correspond to 71 stan-
dard deviations. Also, Fig. 9 shows the time variations of the Dst
index covering the days on 29, 30 September, 01 and 02 October
2012. Fig. 9 also shows the times when sporadic-E occurred (the
horizontal blue bars). On 30 September (at 11:31 UT), the black

vertical dashed line indicates the time of the SSC. The variations of
the foF2 observed on 29, 30 September, 01 and 02 October 2012
are discussed later with VTEC observations.

Figs. 10 and 11 present the average VTEC variations from GPS
observations in UT at several receiving stations during the period
from 29, 30 September, 01 and 02 October 2012 (red lines), located
in the American and African sector, respectively. The black vertical
dashed line (on September 30, 2012) indicates the time of the SSC.
It also shows the average of the observations on quiet days 27, 28
September, 04 and 05 October 2012 as green bands with 71
standard deviation. The gray areas indicate local nighttime periods
(18:00–06:00 LT). At the top of Figs. 10 and 11 are shown the Dst
index variations on the days 29, 30 September 2012, 01 and 02
October 2012.

In Figs. 9 and 10, during the main phase of the geomagnetic
storm, a positive ionospheric storm is observed in the mid-lati-
tudes regions (GODE, HNPT, CRO1, RIO2 and PST) during daytime
on 30 September 2012. The foF2 variations (see Fig. 9) at SL and FZ
(equatorial stations) show a negative ionospheric storm during the
daytime on 30 September (main phase). On the night of 30 Sep-
tember–01 October between �22:00 and 23:00 UT (main phase) a

Fig. 7. GPS amplitude scintillations (S4 index) obtained from satellites (with elevation angles higher than 30°) at 11 receiving stations at American Sector during the period
29 September–02 October 2012.

Fig. 8. GPS amplitude scintillations (S4 index) for the satellites with elevation angles higher than 30° at 9 receiving stations at African Sector on the days 29, 30 September,
01 and 02 October 2012.
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slight positive ionospheric storm is observed at CHPI (low-latitude
station; see Fig. 10). Also, on the night of 30 September–01 October
(between �00:00 and 03:30 UT) during the end of main phase, a
negative ionospheric storm is observed at IQUI and AREQ (equa-
torial stations; see Fig. 10). Fig. 9 also shows a negative ionospheric
storm at PST (mid-latitude station) on the night of 30 September–
01 October. The VTEC variations at IQUI (see Fig. 10) show a po-
sitive ionospheric storm between �04:00 UT and 07:00 UT on the
night of 30 September–01 October in the recovery phase. Also,
during the recovery phase (see Figs. 9 and 10), a positive iono-
spheric storm is observed closer to 12:00 UT on 01 October 2012
(daytime) at CRO1 (mid-latitude station), IQUI, SL, FZ, JIC (equa-
torial stations), CHPI and COPO (low-latitude stations), and the
effect increasing from equatorial region to low-latitude region.
During the daytime on 01 October (recovery phase), a negative
ionospheric storm is observed (see Figs. 9 and 10) in the equatorial

(FZ), low- (CHPI) and mid-latitudes regions (GODE, HNPT, CRO1,
LPGS, CONZ and PST). On the night of 01-02 October (recovery
phase), the VTEC variations (see Fig. 10) show a positive iono-
spheric storm at BRFT, IQUI and AREQ (equatorial stations). A
positive ionospheric storm is also observed closer to 22:00 UT on
02 October 2012 at CHPI, COPO and CONZ.

Fig. 11 shows the variability of VTEC at equatorial, low- and
mid-latitude regions in the African sector during the period 29
September–02 October 2012. Fig. 11 shows that on 01 October
2012 (the whole day) during the end of main phase and first day of
the recovery phase, intense oscillations of the VTEC are observed
at SUTH (mid-latitude station). Also, the VTEC variations show, in
general, positive ionospheric storm at SUTH on 01 October 2012. A
perusal of VTEC data obtained at different stations in Fig. 11
(African Sector) indicates that a long-duration positive ionospheric
storm (over 6 h of enhancement) is observed during the daytime
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Fig. 9. Diurnal (UT) variations of the ionospheric parameter foF2 (red lines) observed at JIC, SL, FZ and PST on the days 29, 30 September, 01 and 02 October 2012. Also, the
Dst index for the period 29 September–02 October 2012 are presented. The black vertical dashed line indicates the time of SSC. It also shows the average of the observations
on quiet days 27, 28 September, 04 and 05 October 2012 as green bands with 71 standard deviation. The horizontal blue bars indicate sporadic-E. The horizontal orange bars
indicate no data. The horizontal black bars indicate periods when spread-F occurred. The hatched portions indicate local nighttime periods (18:00–06:00 LT). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Diurnal (UT) variations of the vertical total electron content (VTEC) measured using different satellites at American sector (11 receiving stations) during the period 29
September–02 October 2012 (red lines). The green bands are 71 standard deviation of the average quiet day (27, 28 September, 04 and 05 October 2012) values. The black
vertical dashed line indicates the time of SSC. The gray areas indicate local nighttime periods (18:00–06:00 LT). Also, UT variations of the geomagnetic index Dst on the days
29, 30 September, 01and 02 October 2012 are presented.
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on 01 October 2012 (recovery phase) at DAKR (a near equatorial
station), MBAR (a low-latitude station), ZAMB and WIND (mid-
latitude stations). Also, during the daytime on 01 October 2012
(between �10:00 UT and 12:00 UT), a slight positive ionospheric
storm is observed at BJCO (a near equatorial station). A slight
positive ionospheric storm is also observed between �17:00 UT
and 18:00 UT on the night of 01–02 October (recovery phase) at
ADIS.

Fig. 12 shows GPS-TEC maps produced by MIT Haystack Ob-
servatory, observed at 12:00, 14:00, 16:00, 18:00, 20:00 and
22:00 UT on 29 (quiet day), 30 September and 01 October (geo-
magnetically disturbed conditions) 2012. In Fig. 12, the compara-
tive analysis between geomagnetically quiet period (29/09/2012)
and disturbed period (30/09/2012 and 01/10/2012) shows that the
electron densities are higher (in the American and African sector)
during the disturbed days. This analysis corroborates our results
shown in Figs. 9, 10 and 11.

4. Discussion

The solar wind-magnetosphere dynamo, during intense geo-
magnetic storms, results in a large amount of energy dissipated at
high latitudes (Tsurutani et al., 1997; Schunk and Nagy, 2000). This
energy intensifies the electric current at high latitudes, resulting in
Joule heating (Buonsanto, 1999). The Joule heating causes changes
in the global thermospheric wind circulation. This Joule heating
can also generate the atmospheric gravity waves (AGWs) (Hun-
sucker, 1982). Propagating through the thermosphere, AGWs
produce traveling atmospheric disturbances (TADs) (Lee et al.,
2002; Sahai et al., 2009c; Buonsanto, 1999). However, when the
TADs interact with the ionosphere, they result in the generation of
TIDs.

The TIDs can cause changes in the height of the ionosphere (Lee
et al., 2002; de Jesus et al. 2012). Lee et al. (2002) have reported h
´F variations much larger than the average variations at Wuhan
(30.6 °N, 114.4 °E) and Chung-Li (24.9 °N, 121 °E) during the geo-
magnetic storm on 06–07 April 2000 due to the TID passage. de
Jesus et al. (2012) have also observed an unusual uplifting of
F-region (h´F) at Palmas (10.2 °S, 48.2 °W), São José dos Campos
(23.2 °S, 45.9 °W) and Okinawa (26.3 °N, 127.8 °E) during the

geomagnetic storm on 24–25 August 2005 due to the propagation
of TIDs. In the present investigation, on the night of 30 Septem-
ber– 01 October, Fig. 4 shows an unusual uplilfting of the F-region
(h´F) at SL, FZ (between �03:00 UT and 09:00 UT), JIC (between
�03:00 UT and 11:00 UT), and PST (between �23:00 UT and
11:00 UT) possibly related with TIDs caused by Joule heating at
high latitudes (Lee et al., 2002; de Jesus et al., 2012). The possible
passage of a TID at PST and JIC occurred at �23:30 UT on 30
September and �04:00 UT on 01 October 2012, respectively (see
Fig. 4). Considering that the distance (in latitude) between PST and
JIC is about 4610 km, this gives a velocity of propagation of about
1024 km/h (or 284 m/s) for TID. On 01 October, JIC (see Fig. 4)
shows two peaks (at h´F) at about 07:00 UT and 09:30 UT, re-
spectively. Considering that the period between these two peaks is
2.5 h, this gives a wavelength of about 2560 km for TID. These
values found are consistent with large scale TIDs (Hunsucker,
1982; Hocke and Schlegel, 1996). It should be mentioned that
Fig. 3 shows large enhancements in the AE index on 30 September
and 01 October 2012 (during the main and recovery phases of the
storm), indicating that a large amount of energy was injected into
the auroral zone, and can produce TIDs by Joule heating (Hun-
sucker, 1982; Buonsanto, 1999).

On the nights of 29–30 September (quiet period; before SSC),
and 30 September–01 October (main phase), the observations (see
Fig. 4) show that around pre-reversal enhancement time (nearly
23:00 UT) the variations in h´F at SL and JIC follow the variations of
the quiet period (used as reference). However, on the night of 01–
02 October (recovery phase), the pre-reversal uplifting of the F
region at SL and JIC is smaller than the average patterns. According
to Abdu (1997), the small pre-reversal uplifting of the F region is
related with the disturbance thermospheric winds or disturbance
electric fields.

The ionospheric response during geomagnetic storms at
equatorial, low- and mid-latitude regions in the American sector
has been investigated by de Abreu et al. (2010b), and de Jesus et al.
(2010, 2013). de Abreu et al. (2010b) and de Jesus et al. (2010,
2013) have investigated the ionospheric response during intense
geomagnetic storms which occurred on 07–08 September 2002,
14–15 December 2006 and 24–25 October 2011, respectively, using
ionospheric sounding data and GPS observations. de Abreu et al.
(2010b) and de Jesus et al. (2013) have observed strong negative

Fig. 11. Diurnal (UT) variations of the vertical total electron content (VTEC) measured using different satellites at African sector (9 receiving stations) during the period 29
September–02 October 2012 (red lines). Also, UT variations of the geomagnetic index Dst for the period 29 September–02 October 2012 are presented. The gray areas
indicate local nighttime periods. The black vertical dashed line indicates the time of SSC. The green bands are 71 standard deviation of the average quiet day (four days)
values. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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ionospheric storm at mid-latitude regions in the American sector
during the geomagnetic storm in September 2002 and October
2011, respectively. de Jesus et al. (2010) have also reported a ne-
gative ionospheric storm at low- and mid-latitude stations in the
American sector during the storm in December 2006. In the pre-
sent investigations, Figs. 9 and 10 show strong negative iono-
spheric storms at equatorial (SL and FZ), low- (CHPI) and mid-
(GODE, HPNT, CRO1, LPGS, CONZ, and PST) latitude regions in the
American sector on 01 October 2012. These negative ionospheric
storms observed in the American sector are possibly related with
an O/N2 density ratio decrease (Prolss, 1980, 1997; Danilov and
Morozova, 1985; Danilov, 2013). The present results on 01 October
2012 confirm the observations during other intense geomagnetic
storms investigated by de Abreu et al. (2010b), and de Jesus et al.
(2010, 2013).

Some researchers have investigated the response of the iono-
sphere F region in the American and African sector during the
occurrence of geomagnetic storms (Mansilla and Zossi, 2013; de
Abreu et al., 2014). Mansilla and Zossi (2013) have analyzed the
ionospheric response to the 03 August 2010 geomagnetic storm in
the Asian, European, African and American sector, using data from
ionosonde stations located at mid-latitude. de Abreu et al. (2014)

have investigated ionospheric response to two moderate geo-
magnetic storms (which occurred in May 2010) using GPS-TEC
measurements in the South American (equatorial, low- and mid-
latitude regions) and African (low- and mid-latitude regions)
sectors. de Abreu et al. (2014) have observed positive ionospheric
storms during daytime hours at equatorial, low- and mid-latitude
stations in the South American and African sectors during geo-
magnetic storms which occurred in May 2010. Mansilla and Zossi
(2013) have reported positive ionospheric storms at mid-latitude
stations in the American and African sectors during a moderate
geomagnetic storm which occurred on 03–05 August 2010. Ac-
cording to de Abreu et al. (2014), the positive ionospheric storms
observed in the American and African sectors are associated with
the equatorward thermospheric wind. In addition, according to
Namgaladze et al., 2000, positive ionospheric storms are related
with large-scale neutral wind circulations and the passage of TIDs.
In the present investigations, the observations (see Figs. 9, 10 and
11) also show positive ionospheric storms in the American and
African sectors during geomagnetic storm which occurred on 30
September–02 October 2012. On 30 September, Figs. 9 and 10
show positive ionospheric storms at low- (CHPI) and mid- (PST,
GODE, HNPT, CRO1 and RIO2) latitude stations in the American

Fig. 12. Global GPS-TEC maps during the geomagnetically quiet period on 23 September 2012, and geomagnetically disturbed days of 30 September and 01 October 2012.
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sector. Fig. 9 (foF2 variations) also shows that at SL, FZ, and JIC
(equatorial stations) have pronounced electron density enhance-
ments during the daytime on 01 October 2012. The VTEC varia-
tions (see Figs. 10 and 11) also show positive ionospheric storms at
equatorial, low- and mid-latitude stations in the American (on 01
and 02 October) and African (on 01 October) sectors. These posi-
tive ionospheric storms observed in the American and African
sectors (on September–October 2012) are probably associated
with the equatorward thermospheric wind, large-scale neutral
wind circulations and the passage of TIDs (Namgaladze et al.,
2000; Prolss, 1993; Balan et al., 2009, 2010; Mansilla and Zossi,
2013; de Abreu et al., 2014). The present results confirm the ob-
servations during other geomagnetic storms investigated by
Mansilla and Zossi (2013), and de Abreu et al. (2014). In the pre-
sent investigation, Fig. 11 also shows intense oscillations in the
VTEC observations at SUTH on 01 October 2012, possibly asso-
ciated with the passage of TID (Namgaladze et al., 2000; Prolss,
1993).

Ngwira et al. (2012) have investigated the response of the io-
nospheric F-layer in the mid-latitude region in the South African
sector during the intense geomagnetic storms which occurred on
24–27 July 2004, using ionospheric sounding data and GPS ob-
servations. Ngwira et al. (2012) have reported a long-duration
positive ionospheric storm at mid-latitude region in the South
African sector on 25 and 27 July 2004, associated with large-scale
wind circulations and equatorward neutral winds. Ngwira et al.
(2012) classified as a long-duration positive ionospheric storm
when the increase of the ionospheric electron density (positive
ionospheric storm) lasted over 6 h. Mansilla and Zossi (2013) have
also observed a long-duration positive ionospheric storm (over 6 h
of enhancement) at mid-latitude stations in the African sector
during the moderate geomagnetic storm that occurred on 03–05
August 2010. In the present study, a perusal of foF2 and VTEC data
obtained at different stations in the American sector (Figs. 9 and
10) show long-duration positive ionospheric storms (over 6 h of
enhancement) at mid-latitude stations (GODE, HNPT, CRO1, RIO2
and PST) during the daytime on 30 September (main phase). Fig. 11
also shows long-duration positive ionospheric storms (over 6 h of
enhancement) at DAKR (a near equatorial station), MBAR (a low-
latitude station), ZAMB, WIND and SUTH (mid-latitude stations)
during the daytime on 01 October, in the recovery phase. These
five stations (DAKR, MBAR, ZAMB, WIND and SUTH) are located in
the African sector. These long-duration positive ionospheric
storms observed in the American (on 30 September) and African
(on 01 October) sector are possibly related with equatorward
neutral winds and large-scale wind circulations (Ngwira et al.,
2012). The present results on 30 September and 01 October 2012
confirm the observations during other geomagnetic storms stu-
died by Ngwira et al. (2012), and Mansilla and Zossi (2013).

As discussed by Whalen (2002), the equatorial ionospheric ir-
regularities receive distinct denominations according to their la-
titudinal extent in relation to the magnetic equator. According to
Whalen (2002), the ionospheric irregularity that is confined below
the F region maximum and can be detected only by the iono-
spheric sounding observation at and near the magnetic equator,
receive the name of bottomside spread-F. Equatorial ionospheric
irregularities rise to high altitude, extends via the magnetic field to
higher latitudes and can be observed by the ionospheric sounders
located in the equatorial and low-latitude regions (Abdu et al.,
1991,Whalen, 2002).

Figs. 4, 5 and 7 indicate that on the night of 28–29, 29–30
September (before SSC), 30 September–01 October and 01–02
October 2012 (disturbed period) during the pre-reversal period
resulted in the generation of equatorial ionospheric irregularities
(equatorial and low-latitude stations), in the American sector. On
the night of 02–03 October 2012, Fig. 4 shows the generation of

bottomside spread-F at SL and FZ (equatorial stations). Figs. 6 and
8 show the generation of equatorial ionospheric irregularities in
the African sector (equatorial and low-latitude regions) on the
night of 29–30 September (before SSC), 30 September–01 October,
01–02 and 02–03 October 2012 (geomagnetic storm period). The
generation of equatorial ionospheric irregularity is associated with
the rapid upward motion of the ionospheric F layer and develop-
ment of the Rayleigh–Taylor instability (Sultan, 1996; Martinis
et al., 2005). de Abreu et al. (2014) have reported no generation of
ionospheric irregularities (in the South American and African
sectors) before and during the moderate geomagnetic storms that
occurred in May 2010. However, in the present investigation, it is
observed the generation of equatorial ionospheric irregularities, in
the American and African sectors, before and during the intense
geomagnetic storm that occurred in September–October 2012.
These discrepancies between the results observed by de Abreu
et al. (2014) (before and during the geomagnetic storms of May
2010) and the results presented in this investigation (before and
during the geomagnetic storm of September–October 2012) are
associated with seasonal occurrence of ionospheric irregularities
in the American and African sectors (Abdu et al., 1983, 1985; Sahai
et al., 1994, 2000; Paznukhov et al., 2012; Akala et al., 2014).

Figs. 4 and 5 show the generation of equatorial ionospheric
irregularities in the South American sector (equatorial, low- and
mid-latitude regions), on the night of 30 September–01 October
2012, possibly related with the prompt penetration of the mag-
netospheric electric field [during the decrease of Bz between about
22 UT (30 September) and 01 UT (01 October); see Fig. 3] that
result to an unusual pre-reversal enhancement. However on this
night (30 September–01 October), Fig. 6 shows the same type of
irregularities observed before the geomagnetic storm in the Afri-
can sector. Fig. 6 shows no irregularities at mid-latitudes in the
African sector on the night of 30 September–01 October, possibly
because there was no intensification of the pre-reversal en-
hancement (in the African sector) due to the prompt penetration
of the magnetospheric electric field.

In the South American sector, some nights show the presence
of phase fluctuations and absence of amplitude scintillations.
Figs. 5 and 7 show the presence of phase fluctuations and absence
of amplitude scintillations, respectively, on the nights of 28–29 (in
AREQ and CHPI), 29–30 September (in AREQ), 01 October (in CHPI
and COPO), and 01–02 October (in AREQ). This occurs because the
phase fluctuations are associated to large scale irregularities,
having the order of kilometers, and the amplitude scintillations are
related to small scale irregularities, having the order of several
hundred meters to a kilometer.

5. Conclusions

In this paper we have presented and analyzed the ionospheric
sounding and GPS observations in the equatorial, low- and mid-
latitude regions in the American and African sectors during the
intense geomagnetic storm of 30 September–01 October 2012.
This intense geomagnetic storm occurred during the period of
high solar activity in the unusual solar cycle 24. Some of the salient
features associated with these observations are summarized
below:

1. On the geomagnetic disturbed night of 30 September–01 Oc-
tober, an unusual uplifting of the F layer was observed at SL, FZ,
JIC (equatorial stations) and PST (mid-latitude stations) due to
the propagation of TIDs generated by the Joule heating in the
high-latitude region.

2. During the main phase of the geomagnetic storm (30 Septem-
ber) there was a long-duration positive ionospheric storm in
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both mid-latitude American hemispheres, related with large-
scale wind circulations and equatorward neutral winds. Also,
during the recovery phase (01 and 02 October), positive iono-
spheric storms were observed, in the American sector at equa-
torial, low- and mid- latitude regions, related with an equator-
ward neutral wind and the passage of TIDs.

3. During the recovery phase of the geomagnetic storm (01 Oc-
tober), the African sector at equatorial, low- and mid-latitude
regions showed a long-duration positive ionospheric storm due
to large-scale neutral wind circulations, and equatorward neu-
tral winds.

4. The foF2 variations at equatorial stations showed a slight ne-
gative ionospheric storm on 30 September (main phase) and 02
October (recovery phase). Also, during the recovery phase (on
01 October 2012) the foF2 variations and GPS–VTEC observa-
tions at equatorial (SL and FZ), low- (CHPI) and mid- (GODE,
HPNP, CRO1, LPGS, CONZ and PST) latitude stations showed
negative ionospheric storms in the American sector.

5. Equatorial ionospheric irregularities were observed in the South
American sector on the night of 30 September–01 October 2012
(main and recovery phase) up to CONZ (mid-latitude station),
after an unusual pre-reversal enhancement in the equatorial
stations, associated with the prompt penetration of the mag-
netospheric electric field. Equatorial ionospheric irregularities
were also observed at equatorial and low-latitude stations in
the South American sector on the night of 28–29, 29–30 Sep-
tember (before SSC) and 01–02 October (recovery phase).

6. In the African sector there was no suppression of ionospheric
irregularities due to occurrence of intense geomagnetic storm of
September–October 2012. The same type of ionospheric irre-
gularities observed during the quiet period (before SSC) were
also observed during the disturbed period in the African sector.
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