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Abstract

The responses of the ionospheric F region using GPS-TEC measurements during two moderate geomagnetic storms at equatorial,
low-, and mid-latitude regions over the South American and African sectors in May 2010, during the ascending phase of solar cycle
24, are investigated. The first moderate geomagnetic storm studied reached a minimum Dst value of —64 nT at 1500 UT on 02 May
2010 and the second moderate geomagnetic storm reached a minimum Dst value of —85 nT at 1400 UT on 29 May 2010. In this paper,
we present vertical total electron content (VTEC) and phase fluctuations (in TECU/min) from Global Positioning System (GPS) obser-
vations from the equatorial to mid-latitude regions in the South American and African sectors. Our results obtained during these two
moderate geomagnetic storms from both sectors show significant positive ionospheric storms during daytime hours at the equatorial,
low-, and mid-latitude regions during the main and recovery phases of the storms. The thermospheric wind circulation change towards
the equator is a strong indicator that suggests an important mechanism is responsible for these positive phases at these regions. A pre-
storm event that was observed in the African sector from low- to the mid-latitude regions on 01 May 2010 was absent in the South Amer-
ican sector. This study also showed that there was no generation or suppression of ionospheric irregularities by storm events. Therefore,
knowledge about the suppression and generation of ionospheric irregularities during moderate geomagnetic storms is still unclear.
© 2014 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Studies related to space weather in the Sun—Earth sys-
tem are of great relevancies to our modern technologies.
The Sun—Earth interaction drastically affects the magneto-
sphere-ionosphere-thermosphere system causing varieties
of physical phenomena, which include geomagnetic storms
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and ionospheric disturbances. Geomagnetic storms usually
result from increase in speed and/or density of the solar
wind due to coronal mass ejections (CMEs), which can
be associated or not with solar eruptions (Gonzalez and
Tsurutani, 1987; Tsurutani and Gonzalez, 1997). This
increase in speed and/or density of the solar wind charac-
terizes the initial phase of a geomagnetic storm or sudden
storm commencement (SSC) (Willis, 1964). SSC is not a
necessary condition for development of a geomagnetic
storm, because a geomagnetic storm could occur and
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develop with a gradual storm commencement (GSC)
(Mendillo, 2006). Geomagnetic storms also have a main
phase and a recovery phase (Kumar et al., 2005). During
the main phase, the energy input into the upper atmosphere
in high latitude is maximized due to the magnetic reconnec-
tion process. This is because of the Bz interplanetary mag-
netic field, which turns southward to interconnect with the
geomagnetic field (Tsurutani et al., 2004). However, during
the recovery phase, the energy input minimizes and the
geomagnetic activity decreases (Schunk and Nagy, 2000).
During periods of moderate and intense geomagnetic
storms, ionospheric disturbances are observed at the equa-
torial, low-, and mid-latitude regions (Burns et al., 1995a;
Richmond and Lu, 2000). A positive ionospheric storm
(positive phase) observed on ionospheric parameters,
which is due to these disturbances, results from an incre-
ment in the electron density. Otherwise, a decrease in the
electron density of the ionospheric parameter is referred
to as negative ionospheric storm (negative phase) (Danilov
and Morozova, 1985; Prolss, 1993; Bauske and Prolss,
1998; Prolss and Werner, 2002). Werner et al. (1999), Basu
et al. (2001), Sastri et al. (2002), Tsurutani et al. (2004),
Basu et al. (2007), Fejer et al. (2007), Balan et al. (2010),
Klimenko et al. (2011), de Jesus et al. (2013), Huang
(2013), and Simi et al. (2013) found that drastic change
in the equatorial, low-, and mid-latitude of the ionospheric
F region can be produced by intense disturbance of electric
fields and global winds that originated from magneto-
sphere—ionosphere interaction. These electric fields are
identified by prompt or direct equatorward penetration
of magnetospheric electric fields from high latitude region
(a few hours) and disturbance of dynamo electric fields
(several hours) generated by the global winds circulation
due to the Joule heating in the high latitude atmosphere,
which are consequences of particle precipitation (Abdu,
1997; Richmond et al., 2003; Maruyama et al., 2005; Zaka
et al., 2010; Klimenko and Klimenko, 2012). The effects of

the electric fields in the equatorial region may increase or
decrease the F region height. The increase or decrease of
the F region height modifies the speed of electromagnetic
drifts (E x B) may affect the ionization at low latitudes
(Abdu et al., 1993). The changes in the global winds circu-
lation (blowing from high Ilatitudes to the equatorial
regions), generated by Joule heating, can also modify the
ionosphere—thermosphere system. This modification could
raise the F region to higher altitudes such that the neutral
composition is influenced (Fuller-Rowell et al., 1994). In
addition, the Joule heating can drive the propagation of
atmospheric gravity waves towards the equator in the form
of traveling atmospheric disturbances (TADs). These
TADs, when they interact with the ionosphere, could pro-
duce traveling ionospheric disturbances (TIDs) (Killeen
et al.,, 1984; Fagundes et al., 1995; de Abreu et al.,
2010a). Some studies worth mentioning are the work of
Whalen (2002), Sahai et al. (2007a, 2009a,b,c), Karpachev
et al. (2010), de Jesus et al. (2010, 2012), and de Abreu et al.
(2011). They investigated generations and suppressions of
equatorial spread-F (ESF) at the equatorial, low-, and
mid-latitude regions of the ionospheric F region during
geomagnetic disturbances. Sahai et al. (2007a), using iono-
sonde data in the Brazilian sector, observed bottomside
spread-F only during the main phase of the storm, whereas
that during the recovery phase, they observed large-scale
plasma bubble. de Jesus et al. (2010), using ionosonde data
in the South American sector, observed plasma bubbles in
the mid-latitude regions after the rapid uplifting of the F-
region in the equatorial and low latitude regions.

In this investigation, we present and discuss responses of
the ionospheric F region using GPS-TEC measurements at
equatorial, low-, and mid-latitude regions in the South
American and African sectors to two moderate geomag-
netic storms in May 2010 during the ascending phase of
solar cycle 24. The ionospheric responses during geomag-
netic storms at different latitudes and longitudes have been
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Fig. 1. A map showing the locations of the GPS stations used in the present study. The geographic and magnetic equators are also shown.



Table 1

A.J. de Abreu et al. | Advances in Space Research 53 (2014) 1313-1328

Details of the Global Positioning System (GPS) sites used in the present study.
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Location Symbol used (Network) Geog. Lat. Geog. Long. Dip Lat. Local time (LT)
Boa Vista BOAV (RBMC) 02.8°N 60.7°W 10.5°N LT=UT-4h
Manaus MAN (RBMC) 02.9°S 60.0°W 05.1°N LT=UT—-4h
Palmas PAL (RBMC) 10.2°S 48.2°W 07.0°S LT=UT-3h
Cuiabd CUIB (RBMC) 15.6°S 56.1°W 07.7°S LT=UT-4h
Brasilia BRAZ (RBMC) 15.9°S 47.9°W 12.0°S LT=UT-3h
Cachoeira Paulista CAP (RBMC) 22.7°S 45.0°W 19.0°S LT=UT-3h
Ourinhos OURI (RBMC) 22.9°S 49.9°W 16.6°S LT=UT-3h
Santa Maria SMAR (RBMC) 29.7°S 53.7°W 19.9°S LT=UT-3h
La Plata LPGS (SIRGAS) 34.9°S 57.9°W 22.0°S LT=UT-4h
Santa Rosa, La Pampa SRLP (SIRGAS) 36.6°S 64.3°W 21.7°S LT=UT-4h
Rio Grande RIOG (SIRGAS) 53.8°S 67.8°W 30.6°S LT=UT—-4h
Uganda MBAR (IGS) 00.6°S 30.7°E 12.3°S LT=UT+3h
Kenya MAL2 (IGS) 03.0°S 40.1°E 13.6°S LT=UT+3h
Pretéria HARB (IGS) 25.9°S 27.7°E 42.1°S LT=UT+2h
Sutherland SUTM (IGS) 32.4°S 20.8°E 45.8°S LT=UT+2h

studied by Namgaladze et al. (2000), Goncharenko et al.
(2005), de Abreu et al. (2010b), Klimenko et al. (2011),
Sahai et al. (2011), Amabayo et al. (2012), Ngwira et al.
(2012), and Uma et al. (2012). Namgaladze et al. (2000)
used numerical simulations of the upper atmosphere model
to carry out their investigations of low solar activity year
1974 during a moderate geomagnetic storm. They sug-
gested that a positive phase of the ionospheric storm is
mainly caused by large-scale neutral wind circulation and
the passage of the TIDs. de Abreu et al. (2010b) also
observed similar positive ionospheric storm phase when
they investigated April 2000 super-storm using GPS mea-
surements. They ascribed the mechanism responsible for
a positive ionospheric storm to the role played by meridio-
nal wind at the equatorial and low latitude regions of the

Brazilian sector. Amabayo et al. (2012) observed the
storm-induced TEC perturbations from 11 to 12 April
2001, and they attributed these irregularities over South
Africa to influence of TIDs. Uma et al. (2012) used iono-
sondes, global ionospheric maps and ground-based GPS
receivers of TEC, satellite, and empirical model to study
the ionospheric response over Japanese and Indian longi-
tude sectors during two geomagnetic storms that occurred
on 31 March, 2001 and 20 November, 2003. They observed
that the equatorial ionization anomaly is expanded and
intensified during the main phase of these two storms,
which is believed to be caused by the prompt penetration
of electric field. They also observed that the storm associ-
ated thermospheric wind is propagating equatorward dur-
ing the recovery phase that is responsible for a height rise in
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Fig. 2. Variations of the total interplanetary magnetic field (IMF) B, z component of IMF Bz in GSM coordinates, and solar wind proton bulk velocity
Vp, obtained from the ACE satellite during the period 01-04 May 2010. The AE, Kp, and Dst geomagnetic indices during the period 01-04 May 2010 are
also presented. The black vertical arrow and dashed line indicate the sudden storm commencement (SSC).
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Fig. 3. Variations of the vertical total electron content (VTEC) from GPS observations obtained from different satellites at 11 receiving stations in the
South American sector during the period 01-04 May 2010 (red lines). The green bands are +1 standard deviation of the average quiet day (four quiet days)
values. The black vertical arrow and dashed line indicates the sudden storm commencement (SSC). (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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Fig. 4. Variations of the vertical total electron content (VTEC) from GPS observations obtained from different satellites at 04 receiving stations in the
African sector during the period 01-04 May 2010 (red lines). The green bands are 1 standard deviation of the average quiet day (four quiet days) values.
The black vertical arrow and dashed line indicates the sudden storm commencement (SSC). (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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the virtual height of the F-region starting from mid to low
and equatorial latitudes. For this work, we deduced VTEC
from the GPS observations at the equatorial, low-, and
mid-latitude regions of the South American and African
sectors to investigate ionospheric responses. To the best
of our knowledge, this is the first time that simultaneous
ionospheric data are used from both sectors to investigate
their responses with respect to moderate geomagnetic
storms. This will provide us the rare opportunity to com-
pare broad latitudinal and longitudinal range responses
in the South American and African sectors during these
two moderate geomagnetic storms.

2. Observations and methodology

The Global Positioning System (GPS) data for the 15
stations investigated were retrieved in standard Receiver
Independent Exchange (RINEX) format. Fig. 1 and Table
1 provide details of the GPS sites used in the present study.
The GPS observations (in RINEX format) were used to
obtain the vertical total electron content (VTEC) in unit
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of TEC (I TECU = 10'® electrons/m?) (Wanninger, 1993;
Sahai et al., 2007b) and the phase fluctuations (rate of
change of TEC) in TECU/min (Aarons et al., 1996). The
TEC is calculated using the GPS observables of dual-fre-
quency carrier-phase, which were extensively discussed in
detail by Brunini et al. (2008). This idea to calculate TEC
was obtained based on the fact that the range-delay experi-
ence within the ionosphere when radio signal is travelling
were observed from the GPS measurements and is propor-
tional to the slant TEC (sTEC) along the satellite-receiver
line-of-sight and inversely proportional to the square of the
signal frequency. Therefore, subtraction of simultaneous
observations at different frequencies leads to observables
such that all frequencies, which independently disappear,
but the ionospheric and other frequency-dependent effects
remain present (Brunini et al., 2008):

Liare = STEC + Bg + B + Cype + &1, (1)

where L; . is the carrier-phase ionospheric observable; the
sub-indices arc refers to every continuous arc of carrier-
phase observations, which are defined as a group of consec-
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Fig. 5. Twenty-one GPS-TEC maps during the geomagnetic storm on (A) 01 May (geomagnetically quiet) and (B and C) 02-03 May (geomagnetically

disturbed).
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utive observations that carrier-phase ambiguities do not

VTEC = cos(z') TEC,

change; Br and B® are the satellite and receiver inter-fre-

quency biases (IFB) for carrier-phase observations; C,,.
is the bias produced by carrier-phase ambiguities in the
ionospheric observable; and ¢; is the effect of noise and

multi-path. All terms in Eq. (1) are expressed in Total Elec-

tron Content Unit (TECU). Hence, the vertical TEC Ry
(VTEC) is given by Brunini et al. (2008) as follows; " Rn+
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where the value of z/, which is the zenith angle of the signal
path on the ionospheric pierce point (IPP) located on an
average altitude plan H,,, is obtained by:

3)

Fig. 6. The phase fluctuations (rate of change of TEC) from GPS observations obtained from different satellites at 11 receiving stations in the South

American sector during the period 01-04 May 2010. The black vertical dashed line indicates the sudden storm commencement (SSC).
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where R, is the mean radius of the Earth (6570 km), H,, is
the average height of the ionosphere (300 km), and z is the
zenith angle of the satellite (z = 90 — el, where e/ is the ele-
vation angle of the satellite). As earlier mentioned, the
phase fluctuations are defined by the rates of change of
TEC (ROT) in TECU/min, which indicate the presence
of the ionospheric irregularities in order of kilometers
(Aarons et al., 1996, 1997), which are obtained as follows:

1319

ATEC
At

ROT = , 4)

where ATEC is the difference between consecutive TECs;;.
a1 (initial) and TECsg,, (final), which are separated by
their simultaneous period differences (Af), in seconds.

The GPS stations covering from the equatorial to mid-
latitude regions in the South American and African sectors
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Fig. 7. The phase fluctuations (rate of change of TEC) from GPS observations obtained from different satellites at 04 receiving stations in the African
sector during the period 01-04 May 2010. The black vertical dashed line indicates the sudden storm commencement (SSC).
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are described below. The Boa Vista (BOAV), Manaus
(MAN), Palmas (PAL), Cuiaba (CUIB), Brasilia (BRAZ),
Cachoeira Paulista (CAP), Ourinhos (OURI), and Santa
Maria (SMAR) are Brazilian stations, which belong to
the “Rede Brasileira de Monitoramento Continuo
(RBMC)” and are operated by the “Instituto Brasileiro
de Geografia e Estatistica (IBGE)”. The La Plata (LPGS),
Santa Rosa (SRLP), and Rio Grande (RIOG) are Argen-
tine stations and are operated by the “Servigo de Referén-
cia Geocéntrico para as Américas (SIRGAS)”. The
Uganda (MBAR), Kenya (MAL2), Pretéria (HARB),
and Sutherland (SUTM) are African stations that are
operated by the International Global Navigation Satellite
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System (GNSS) Service (IGS) and were originally meant
for Geodynamics studies (Dow et al., 2005). The stations
located in Brazil and Argentina cover the South American
sector from equatorial to the mid-latitudes regions. The
stations located in Africa cover the low- and mid-latitudes
regions. It should be mentioned that the two longitudinal
sectors under investigation differ by about 5h (h) and 7 h
in local time (LT) (for more details, see Table 1). The
GPS-based TEC maps produced at the Jet Propulsion Lab-
oratory were obtained from http://cdaweb.gsfc.nasa.gov/
sp_phys/. The intensity of geomagnetic indices of the auro-
ral electrojet every 1-min values (AE) and intensity of the
ring currents hourly values (Dst) used in the present inves-
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Fig. 9. Variations of the vertical total electron content (VTEC) from GPS observations obtained from different satellites at 11 receiving stations in the
South American sector during the period 27-31 May 2010 (red lines). The green bands are +1 standard deviation of the average quiet day (four quiet days)
values. The black vertical arrow and dashed line indicates the gradual storm commencement (GSC). (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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tigations were obtained from the world data centre (WDC);
http://swdewww.kugi.kyoto-u.ac.jp. The geomagnetic
index indicating storm intensity; 3-hourly values (Kp) were
obtained from http://ftp.gwdg.de./pub/geophys/kp-ap/
tab/. The total interplanetary magnetic field (IMF) of the
Bz component (IMF-Bz) in geocentric solar magneto-
spheric (GSM) coordinates, and solar wind proton bulk
velocity (Vp) were obtained from the Advanced Composi-
tion Explorer (ACE) satellite; http://www.srl.caltech.edu/
ace/.

3. Results

Figs. 2 and 8 show the time variability of the solar wind
velocity (Vp), interplanetary magnetic fields of the Bz com-
ponent (IMF-Bz) and geomagnetic indices, auroral electro-
jet (AE), 3-hourly storm intensity Kp, and disturbance
storm-time (Dst) for the periods of day 1-4 and 27-31 of
May 2010. The black vertical arrow and dashed line indi-
cate the sudden storm commencement (SSC) (Fig. 2) and
the gradual storm commencement (GSC) (Fig. 8) of the
geomagnetic storm. The average vertical total electron con-
tent (VTEC) variability obtained from 15 GPS receiving
stations are showed in Figs. 3 and 4 for the period of 1-4
May 2010 and in the Figs. 9 and 10 for the period of 27—
31 May 2010. The VTEC values for each station were cal-
culated using satellites with elevation angles greater than
20°. The observed VTEC variations during the disturbed
period are shown by a red line. The average VTEC varia-
tions for quiet periods (five quiet days: May 21, 22, 23,

27 MAY 2010 28 MAY 2010

\{J |
[

29 MAY 2010

\x\,\ | %\Mj v..\

24, and 25) are shown with green bands and their widths
correspond to +1 standard deviation (de Jesus et al.,
2011). The black vertical arrow and dashed line indicate
sudden storm commencement (SSC) (Figs. 3, 4, 6 and 7)
and the gradual storm commencement (GSC) (Figs. 9,
10, 12 and 13) of the geomagnetic storm. Figs. 5 and 11
show global TEC maps available every 2 h to investigate
the global change in the electron density distribution dur-
ing the two geomagnetic storms on 01-03 and 27-29 May
2010, respectively. The letters (A) and (B and C) of the fig-
ures represent the quiet and disturbed periods, respectively.
The phase fluctuations or rate of change of TEC (ROT) are
shown in Figs. 6 and 7 for the period of 01-04 May 2010
and in Figs. 12 and 13 for the period of 27-31 May 2010.
As pointed out by Aarons et al. (1997), this phase fluctua-
tion indicates the presence of ionospheric irregularities with
size in order of kilometers.

3.1. Storm events between 02 and 04 May 2010

Fig. 2 shows that sudden storm commencement (SSC)
started at 0909 UT on 02 May 2010. At the same time,
the IMF-Bz turns southward to a value around —18 nT
and there is an increase in solar wind speed from about
375 km/s to about 660 km/s, indicating the arrival of a pos-
sible interplanetary shock structure leading to the forma-
tion of a geomagnetic storm. After the SSC, the Kp index
reached 6+ after midday on 02 May 2010 during the main
phase of the storm (MPS) and the Dst index was observed
decreasing from —21 nT at 1000 UT to —64 nT at 1500 UT
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African sector during the period 27-31 May 2010 (red lines). The green bands are +1 standard deviation of the average quiet day (four quiet days) values.
The black vertical arrow and dashed line indicates the gradual storm commencement (GSC). (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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Fig. 11. Twenty-one GPS-TEC maps during the geomagnetic storm on (A) 27 May (geomagnetically quiet) and (B and C) 28-29 May (geomagnetically

disturbed).

on 02 May 2010. When rapid changes in the Dst index
occur during the MPS, prompt penetration of magneto-
spheric electric field modifies the ionospheric dynamics at
mid-latitude and low-latitudes on the dayside and night
side (Basu et al., 2001; Klimenko and Klimenko, 2012;
Lu et al., 2012). After 1430 UT on 02 May 2010, a longer
recovery phase of the storm (RPS) was observed and termi-
nated at the end on 04 May 2010 (Fig. 2). Longer and
stronger fluctuations were also observed from the AE index
around 1000 UT on 02 May 2010 (after the SSC) and
0200 UT on 04 May 2010, reaching peaks above 1000 nT
(Fig. 2). Similar longer and stronger fluctuations observed
by Aksnes et al. (2004) indicated that there are larger injec-
tions of energy at auroral latitudes due to Joule heating.
Zhou et al. (2011) suggested that this Joule heating appears
linearly related with increasing AE index.

Fig. 3 shows the variations of VTEC data obtained at
the equatorial, low-, and mid-latitude stations in the South
American sector during the period 01-04 May 2010. Imme-
diately after SSC (during MPS), a positive phase is
observed in the equatorial, low-, and mid-latitudes regions

during daytime on 02 May 2010 from BOAYV to CUIB and
from RIOG to SMAR. The BRAZ, CAP, and OURI sta-
tions showed no significant changes compared to the aver-
age values on quiet days. A large positive phase is also
observed closer to 2200 UT on 02 May 2010 from PAL
to OURI stations. However, such observation at
2200 UT was absent at equatorial stations (BOAV and
MAN) and mid-latitude stations (from RIOG to LPGS).
During daytime hours, RPS was observed on 03 May
2010 (Fig. 3), such that all GPS stations exhibited positive
phases (weaker magnitudes in mid-latitude). Fig. 4 shows
the variability of VTEC at the low- and mid-latitude sta-
tions in the African sector between 01 and 04 May 2010.
During the MPS, a positive daytime phase of the storm
was observed at the low- and mid-latitude regions on 02
May 2010 at MBAR, MAL2, HARB, and SUTM. During
the long RPS, in the daytime on 03 and 04 May 2010, a
positive phase of the storm was also observed at the low-
and mid-latitude regions. This is similar to the observed
signature during the MPS. Interestingly, a positive phase
of the storm was observed a day prior (01 May; a quiet geo-



A.J. de Abreu et al. | Advances in Space Research 53 (2014) 1313-1328 1323

28 MAY 2010

29 MAY 2010

30 MAY 2010 31 MAY 2010

27 MAY 2010

BOAV

MAN

PAL

cuiB

BRAZ

CAl
TECU/min

SATELLITE NUMBER

OURI

SMAR

LPGS

SRLP

RIOG

04:06 10:05 _ 21:08

[}

00 04 08 12 16 20 00 04 08 12 16 20 00 04 08 12 16 20 00 04 08 12 16 20 00 04 08 12 16 20 24

UNIVERSAL TIME (UT)

Fig. 12. The phase fluctuations (rate of change of TEC) from GPS observations obtained from different satellites at 11 receiving stations in the South
American sector during the period 27-31 May 2010. The black vertical dashed line indicates the gradual storm commencement (GSC).

magnetically day) to the main day when the storm started
in the low- and mid-latitudes regions. At the low latitude
region on 01 May 2010 this positive phase of the storm
occurred with VTEC values slightly lower (around 05
TECU) than those during the main and recovery phases
of the storm. However, at the mid-latitude region, VTEC
values are almost equal irrespective of the phases of the
storms. A positive phase of the storm was also observed
on the 04 May 2010 (Fig. 4). This positive phase could
be related to the final stage of the RPS when the AE index
was undergoing disturbances. However, this positive phase
on 04 May 2010 needs further investigation, and detailed
study on the day-to-day variability of VTEC in the African
sector will be conducted later to highlight possible mecha-
nism that could be responsible for such variability. Hence,
this is beyond the scope of this paper.

Fig. 5 shows global TEC maps of the geomagnetic storm
on 01-03 May 2010. The comparative study of a quiet per-
iod (A) and disturbed periods (B and C) clearly elucidated
the effects of these storms on global TEC, focusing mainly
on the South American and African sectors. Fig. 6 shows
the phase fluctuations of TEC obtained at the equatorial,
low-, and mid-latitudes stations in the South American sec-
tor during 01-04 May 2010. On the nights of 01-02 (a quiet
geomagnetically night), 02-03, and 03-04 May 2010 (main
storm and recovery phases, respectively), no phase fluctua-
tions were observed, indicating that the storm did not affect
the generation or suppression of ionospheric irregularities
in the South American sector. Fig. 7 shows the phase fluc-
tuations of TEC obtained at the low- and mid-latitudes sta-
tions in the African sector during the period 01-04 May
2010. Phase fluctuations were observed at MBAR (a low
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Fig. 13. The phase fluctuations (rate of change of TEC) from GPS observations obtained from different satellites at 04 receiving stations in the African
sector during the period 27-31 May 2010. The black vertical dashed line indicates the gradual storm commencement (GSC).

latitude station in Africa) at 1800 UT on the nights of 01—
02, 02-03, and 03-04 May 2010. At MAL2 (a low latitude
station in Africa), phase fluctuations were observed at
1800 UT on the night of 01-02 May 2010, before a geo-
magnetic storm. At HARB and SUTM (a mid-latitude sta-
tion in Africa), no phase fluctuations were observed on the
nights of 01-02, 02-03, and 03-04 May 2010. The above
results show that the geomagnetic storm observed in the
African sector possibly had no influence in the generation
of ionospheric irregularities in the equatorial region, which
was extended to the low latitude.

3.2. Storm events between 28 and 30 May 2010

Fig. 8 shows two SSC (vertical arrows) followed by two
rapid geomagnetic storms. The SSC are related to increases
in the solar wind velocity and/or solar wind density (Sahai
et al., 2009a). Fig. 8 also shows a third SSC that started at
2108 UT on 28 May 2010. At that same time, the IMF-Bz
turned southward and reached a value of —15 nT, indicat-
ing the arrival of a possible interplanetary shock structure
leading to the formation of a geomagnetic storm. However,
solar wind velocity remained at 390 km/s during the MPS
and RPS. During the MPS, the Kp index reached 5+ in
the early morning (about 0700 UT) of 29 May 2010 and
the Dst index decreased from —3 nT at 2300 UT on 28
May 2010 to about —85 nT at 1400 UT on 29 May 2010.
Unlike the previous storm event, when the Dst value
decreased rapidly, the Dst value in this case decreased slug-
gishly. This is not a preferred condition for prompt pene-
tration of magnetospheric electric field into the
ionosphere (Basu et al., 2001). After 1400 UT on 29 May
2010, RPS was observed and disappeared around
2300 UT (Fig. 8). Fig. 8 also shows strong fluctuations in
the AE index during the MPS and RPS between 2200 UT
on 28 May 2010 and 2100 UT on 29 May 2010, when they
reached their peaks around 1800 nT. A point worth

mentioning is that this geomagnetic storm was followed
by two storms of smaller intensity (Dst<—47nT and
Dst < —49 nT) on 30 May 2010. During these two storm
periods with smaller intensities, the AE index showed peak
values of 1200 nT. As mentioned earlier, AE index is an
important indicator and increased values show when
greater energy is injected into the auroral latitudes due to
Joule heating (Aksnes et al., 2004; Zhou et al., 2011).

The variability of VTEC obtained at the equatorial,
low-, and mid-latitudes stations over the South American
sector from 27 to 31 May 2010 is shown in Fig. 9. Closer
to the end of the MPS and RPS, a positive phase was
observed at the equatorial region. This positive phase was
significant from BOAV to RIOG between 1200 and
1500 UT. During the RPS on 30 May 2010, a positive
phase was observed around 1400 UT and 1800 UT, from
the equatorial to mid-latitude regions. A day before and
after the commencement of the storm (27 and 31 May
2010, respectively), there was no significant change com-
pared to the average values on quiet days. The variability
of VTEC over the African sector between 27 and 31 May
2010 is reported in Fig. 10. Fig. 10 shows that during the
MPS and RPS during daytime hours on 29 and 30 May
2010, positive phases were observed between 0800 and
1300 UT at the low- and mid-latitudes regions. However,
no significant change was observed on the day before and
after the storm on VTEC variability. Comparing both sec-
tors, similar results were observed during moderate storm
in the South American and African sectors. Fig. 11 shows
global TEC maps of the geomagnetic storm on 27-29 May
2010. Similar to that reported in Fig. 5, the comparative
study of A, B, and C exhibit the effect of these storms on
global TEC, which support observations showed in Figs.
9 and 10. Figs. 12 and 13 present the phase fluctuations
at the equatorial, low-, and mid-latitudes stations over
the South American and African sectors between 27 and
31 May 2010. During nighttime on 27-31 May 2010, which
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are characterized as quiet geomagnetically days, MPS, and
RPS, no phase fluctuation was observed. From both the
South American and African sectors, it is clearer that the
geomagnetic storm during these periods could not initiate
generation or suppression of ionospheric irregularities.

4. Discussions and conclusions

Tonospheric storm characteristics are classified into posi-
tive and negative phases. Danilov and Morozova (1985),
Prolss and Werner (2002) and Korenkov et al. (2012),
and references therein suggest that the negative storm
phase is associated with O/N, density ratio decrease. How-
ever, positive storm phase may be influenced by several
physical mechanisms, mainly during periods of intense geo-
magnetic disturbances (Dst < —100 nT). Brief reviews on
positive storm phase by Goncharenko et al. (2007), Jones
and Rishbeth (1971), Burns et al. (1995b), Huang et al.
(2005), and de Abreu et al. (2010a) include increase in
the oxygen density, equatorward thermospheric wind, the
electric field uplifting the plasma, downward protonospher-
ic plasma fluxes, plasma redistribution from low latitudes
by electric field disturbances, and traveling ionospheric dis-
turbances. For the two storm events, from 02 to 04 and 28
to 30 May 2010, the positive storm phases observed in the
South American and African sectors indicate that at least
one of these aforementioned physical processes are
involved during these period. Our results show that the
positive storm phases are more prevalent during daytime
than the nighttime hours, irrespective of the MPS and
RPS (Figs. 3, 4, 9 and 10). How do the moderate storms
cause significant changes in the ionospheric electron
density?

During the MPS and RPS of these two geomagnetic
storms, the global thermospheric wind circulation changes
significantly due to increased Joule heating and enhanced
energy injection in the auroral zone. The daytime thermo-
spheric wind changes can become equatorward, directly
affecting the ionosphere. In Figs. 2 and 8§, strong increase
in the value of AE index is observed during the MPS and
RPS, indicating that higher energy was injected into the
high latitude region. It is important to note that due to
the fast decrease of the Dst index during the MPS on 02—
04 May 2010, there is a possibility of prompt penetration
of magnetospheric electric fields into higher latitude of
the ionosphere. Therefore, the positive or negative storm
effects should be immediate on the ionosphere. However,
no effect was observed over the high latitude of the iono-
sphere. On the other hand, disturbance dynamo electric
field is driven by the global thermospheric wind circulation
and can persist for many hours due to the neutral-air-iner-
tia (Blanc and Richmond, 1980; Maruyama et al., 2005).
Unfortunately, it is not possible to state the exact degree
of magnitude of disturbance dynamo electric field in the
generation of positive phases observed in the two storm
events. Nevertheless, the results presented in this work
clearly show that the effects of the equatorward

thermospheric wind is the main driver of positive phases
of storms in VTEC at equatorial, low-, and mid-latitude
regions in the South American and African sectors. As dis-
cussed by Balan et al. (2009), the effects of the wind (with
and without penetration of electric fields) do not involve
changes in thermospheric composition but reduce pole-
ward plasma flow along geomagnetic field lines and raise
the ionosphere to high altitudes of reduced chemical loss.
This could be the main driver of positive ionospheric
storms at low-mid latitudes. Our explanation regarding
the mechanism responsible for positive storm phase during
daytime hours is supported by several investigators. For
example, Lu et al. (2008) used experimental observations
(in Millstone Hill and Arecibo) and numerical simulations
of ionospheric and thermospheric disturbances that were
associated with a moderate geomagnetic storm on 10 Sep-
tember 2005. They reported that the primary cause of a
positive storm response during dayside results from the
enhanced meridional neutral wind rather than the penetra-
tion magnetospheric electric field. de Abreu et al. (2011),
using digital ionosonde and GPS observations at the equa-
torial and low latitude regions over the Brazilian sector
during super geomagnetic storm in May 2005, observed
positive storm phases during daytime hours. They attrib-
uted it to the control by both changes in meridional neutral
wind and disturbance dynamo electric fields (Fuller-Rowell
et al., 2002; Amabayo et al., 2012). Balan et al. (2010) used
multi-instrument observations (in electron density Ne,
maximum electron density Nmax, peak density hmax,
GPS-TEC, and 630 nm airglow) and theoretical modeling
in both Northern and Southern hemispheres of the Japa-
nese—Australian sectors. They suggested that the physical
mechanism responsible for these positive ionospheric
storms is the equatorward neutral wind. Therefore, our
results from this study over the South American and Afri-
can sectors share similar characteristic with the Japanese—
Australia findings. We, therefore, support the suggestion
that a thermospheric wind effect is significant on positive
ionospheric storms during geomagnetic disturbances.

One of the interesting results from this paper is the posi-
tive phase of the geomagnetic storm that was observed
from the low- to mid-latitude regions on 01 May 2010 (a
day before the geomagnetic storm from 02 to 04 May
2010) over the African sector (Fig. 4). Buresova and Las-
tovicka (2008) observed several hours up to a day before
the onset of geomagnetic storm using ionosonde data in
the European area, and they concluded that when the ¢
foF2 > 20%, this is a typical case of pre-storm, which needs
more investigations. Our results show that the o
VTEC > 70% in the middle of the day before the storm is
a case of strong pre-storm enhancement. One of the possi-
ble explanations regarding our pre-storm event is related to
solar and seasonal variability. The positive storm phase
observed before the storm is associated with differences
between the solar zenith angle and the F10.7 index. The
F10.7=78 on 01 May and on 21-25 May (days chosen
for the average quiet days) the F10.7 = 70-73, however,
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more observations are needed to investigate and identify
other possible mechanisms that could contribute to pro-
duction of pre-storm from different sources (Liu et al.,
2008a,b).

Our results on ionospheric irregularities are shown in
Figs. 6 and 7 (from 02 to 04 May 2010 storm event) and
Figs. 12 and 13 (from 28 to 30 May 2010 storm event).
These Figs. 6, 7, 12 and 13 show the phase fluctuations
of TEC. Studies on phase fluctuations by Aarons et al.
(1997) indicated that large-scale ionospheric irregularities
are of the order of kilometers. As can be observed from
our results, phase fluctuations were significant at low lati-
tude of the African sector. At MBAR, the phase fluctua-
tions were observed throughout every night from 02 to
04 May 2010. However, at MAL2, phase fluctuations were
observed a night before the geomagnetic storm from 01 to
02 May 2010. Apart from the observed phase fluctuations
in the African sector, no other observation regarding phase
fluctuations was seen from all our investigations. This sug-
gests that the ionospheric irregularities were possibly gener-
ated in the equatorial region in the African sector due to
the pre-reversal enhancement between about 1800 and
2000 LT and observed in the low latitudes at 2100 LT.
Thus, these geomagnetic storms could not possibly
influence or suppressed the generation of ionospheric irreg-
ularities. Considering the variability of ionospheric irregu-
larities, the studies of Abdu (2001), Burke et al. (2004) and
Makela and Miller (2008), and references therein, reported
that the ionospheric irregularities have seasonal and day-
to-day variability. Sahai et al. (2000) also examined sea-
sonal variability of ionospheric irregularities in Brazilian
sector using OI 630 nm all-sky imaging system. Their
results show maximum values of ionospheric irregularities
between October and March and minimal values between
May and August. This could a reason why we observed
minimal values of phase fluctuations in May 2010. It is
important to mention here that geomagnetic storms may
also contribute to the generation of ionospheric irregulari-
ties, as shown in a study by Sahai et al. (2004) in Brazilian
sector using OI 630 nm all-sky imaging system. They ana-
lyzed the years between 1987 and 2000 and observed that,
during low spread-F season, large-scale ionospheric deple-
tions during geomagnetic storms might be associated with
prompt penetration of the magnetospheric convective elec-
tric fields. Hence, in our future work, we will study phase
fluctuations and spread-F over South America and Africa
simultaneously for a whole year to ascertain their monthly
maximum and minimum values. This will also include the
role of the geomagnetic storms in the generation and sup-
pression of ionospheric irregularities.

In conclusion, the responses of the ionospheric F region
at equatorial, low-, and mid-latitude regions over the South
American and African sectors during two moderate geo-
magnetic storms in May 2010 were investigated. The
responses during the ascending phase of solar cycle 24 were
related to the phenomena of ionospheric storms as well as
generations and suppressions of equatorial ionospheric

irregularities. Therefore, the study showed that the features
of these two moderate storms in May 2010 at the equato-
rial, low-, and mid-latitude regions over South America
and Africa are significant. They show positive ionospheric
storms in daytime during the main and recovery phases of
the geomagnetic storms. Our results also found a pre-storm
event on 01 May 2010 over the African sector. In addition,
this study showed that there was no generation or suppres-
sion of ionospheric irregularities during storm events.
Hence, further studies are needed to fully understand the
suppression and generation of ionospheric irregularities
during moderate geomagnetic storms. This will include
months when an ionospheric irregularity is expected to be
higher.
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