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Abstract

On September 6, 2017, the solar active region AR 2673 emitted two solar flares: the first at 08:57 UT (X2.2) and the second at 11:53
UT (X9.3); both were powerful enough to black-out high and low frequency radio waves (where UT is universal time). The X9.3 was the
strongest solar flare event in the past decade. In this study, we took the advantage of these two extreme flare events to investigate cor-
responding effects on the ionosphere using multi-instrument observations from magnetometers, Global Positioning System – Total Elec-
tron content (GPS-TEC) receivers, ionosondes and Swarm satellites over a large geographical extent covering South American, African
and European sectors. During the X2.2 flare, European and African sectors were sunlit and during X9.3 European, African, and South
American sectors were sunlit and exposed to the solar flare radiation. During the X2.2 flare, there was an ionosonde blackout for a dura-
tion of about 45 min, while during the X9.3 flare this blackout lasted for 1 h and 30 min. The blackout are seen over a large global extent
which demonstrates the severity of solar flare events in disrupting the radio communication. The horizontal component of Earth’s geo-
magnetic field has shown ripples and enhancements during these flare events. The ionospheric Vertical Total Electron Content (VTEC)
showed a positive phase along with an intensification of the Equatorial Ionization Anomaly (EIA) over the South American and African
sectors. The dynamical and physical processes associated with the TEC and EIA variabilities due to solar flare are discussed.
� 2020 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

There are growing concerns about the effect of solar
flares (SFs) and Coronal Mass ejections (CMEs) on the ter-
restrial upper atmosphere and ionosphere systems, mainly
due to possible deterioration or damage in our communica-
tion and navigation satellite systems. Today society is
highly dependent on technology involving transfer of data
and information via digital means. Therefore, we can
define that a new civilization started a new age called dig-
ital society and it is unimaginable for a person or a com-
pany to be disconnected from communication and
navigation systems, even for few hours. Since solar events
like SFs and CMEs can produce such kind of damage,
space weather becomes one of the most important issues
of the new digital society (Berdermann et al., 2018;
Yasyukevich et al., 2018; Li et al., 2018; Lei et al., 2018).

An explosion on the Sun´s surface that is originated near
a sunspot group in the photosphere or solar chromosphere
release a large amount of electromagnetic energy (Zirin,
1988). This kind of space weather event, called a solar flare,
release energy in the form of radiations in the entire electro-
magnetic spectrum. However, the X-ray and EUV (extreme
ultraviolet) radiation burst penetrate deeper into the Earth´s
atmosphere and will be absorbed in the lower ionosphere (D
and E regions) and F-region, respectively (de Abreu et al.,
2019; Tsurutani et al., 2005, 2009; Zhang et al., 2017). Also,
high energy electrons and protons (from kilo electron volts
to hundreds of mega electron volts) are released during some
solar explosions and these high energetic particles reach the
Earth´s system within half an hour to few hours after the
radiation burst (Barta et al., 2019).

Therefore, during solar flares, there is a sudden increase
of electron density in the D, E, and F regions of the iono-
sphere in the hemisphere of the Earth´s atmosphere illumi-
nated by the Sun. These density enhancements are called
sudden ionospheric disturbances (SIDs). During solar
flares, the intensity of the Equatorial Eletrojet (EEJ)
increases along with an increase in the F region electron
density leading to an intensification of the equatorial iono-
spheric anomaly (EIA) (Liu et al., 2004, 2006). In addition,
the ionograms recorded by ionosondes may show total or
partial blackout, which means that the radio wave pulse
transmitted by ionosonde was absorbed by the D-region
and there are no echo traces for hours. The radio-waves
transmitted by ionosondes (1 to 20 MHz) are absorbed
by ionospheric free electrons when the transmitted fre-
quency matches with the plasma frequency, and then the
absorbed energy can be re-radiated if this energy is not lost
due to collisional frequency or recombination. However,
when the D-region increases its electron density, the plasma
frequency in this region increases as well and the energy
will be absorbed by the neutral atmosphere, via collisional
interaction (Barta et al., 2019, Curto et al., 2018, Liu et al.,
2006, Sahai et al. 2007).

On September 6, 2017, the solar active region AR
122,673 produced two consecutive solar flares that were
powerful enough to block-out high and low frequency
radio waves. The first SF (X2.2) erupted from 08:57 UT
to 09:10 UT and the second SF (X9.3) erupted at 11:53
UT and reached its maximum at 12:02 UT (Yan et al.,
2018). As stated in Bruno et al. (2019) the X9.3 event has
been the largest soft X-ray flare since 2006, i.e., for more
than a decade. This SF event generated strong white-light
emission (de Castro et al., 2018) and multiple heliosesmic
waves and was accompanied by an intense and complex
radio emission with interplanetary types II-IV bursts and
by a long duration of c-ray emission. More details about
c-ray emission during this event can be found in Lysenko
et al. (2019) and Li et al. (2020).

The X9.3 was the strongest SF event in a decade and dis-
turbed the ionosphere in the Earth´s sunlit side. In this
study, we took advantage of the two extreme SF events,
X2.2 and X9.3, to investigate the effects on the ionosphere
using magnetometer networks, Vertical Total Electron
Content (VTEC) inferred using GPS dual-frequency recei-
vers, ionosonde and Swarm satellite data. During the SF
X2.2 and X9.3 events, the north hemisphere at high-
latitude, North America’s east sector, South America,
Africa, Europe, and Asia were on the sunlit side and
directly exposed to the SF radiations (EUV and X-ray,
See Fig. 1).

The main objective of the present investigation is to
study the ionospheric response from equatorial to mid/high
latitudes during the SFs X2.2 and X9.3 over three different
regions of the Earth (South America, Africa and Europe)
using multi-site and multi-instrument observations. The
response of the Earths’ magnetic field, the ionospheric
VTEC and consequent changes in the Equatorial Ioniza-
tion Anomaly (EIA) are presented. The importance of
multi-instrument and multi-site observations for under-
standing the global-scale impacts of space weather events
is also discussed. This study demonstrates the importance
of the use of collocated and simultaneous ground and satel-
lite based observations over different regions of the globe to
investigate the global ionospheric response to the space
weather events like solar flares and the subsequent impacts
on the radio wave applications. Therefore, international
scientific programs based on multilateral collaborations
are very important to carry out similar kind of
investigations.

2. Observations and data analysis

Fig. 1 shows illuminated (bright) and non-illuminated
(dark) regions by the solar radiation on the Earth’s global
maps during two SF events on September 06, 2017 at 09:10
UT and 12:02 UT respectively. The first solar flare was des-
ignated as X2.2 class while the second flare is more intense
and termed as X9.3. During the first SF event (X2.2) the
high latitudes of the northern hemisphere, Europe, Africa,
and Asian sectors were illuminated. However, during the
second SF event (X9.3) the high latitudes of the northern
hemisphere, Latin America, the east sector of USA/



Fig. 1. Global maps showing the geographical extents of Earth´s atmosphere illuminated (bright area) and not illuminated (shaded area) by the Sun at
09:10 UT during the X2.2 SF event (left panel) and at 12:02 UT during the X9.3 SF event (right panel).
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Canada, Africa, Europe, and Asian sectors were illumi-
nated. These SFs happened during geomagnetic quiet con-
ditions and the SF X9.3 was the strongest event of the last
decade.

Fig. 2 shows the daily variations of geomagnetic index
(Dst and Kp), velocity and proton density of solar wind,
the interplanetary magnetic field Bz component, X-ray flux
observed by GOES satellite, and EUV flux from September
05 to September 07, 2017. It is clear from this figure that
the day of SF events, September 06, 2017 was a typical
quiet geomagnetic day. During the two SFs, the Dst and
Kp indices were around 19 and 16 nT and 1+, and 3�,
respectively. Besides, the interplanetary medium was quiet
without any significant change. The solar wind speed, pro-
ton density and IMF Bz were varying between 450 and
460 km/s, 3.8 and 4.5 protons/cm3s, and 3.8 and �6.2
nT, respectively as seen in Fig. 2A. On the other hand,
Fig. 2B shows that on September 06, 2017, the X-ray inten-
sities in both channels 0.05–0.40 nm (blue line) and 0.10–
0.80 nm (red line) were strongly disturbed.

The X-ray intensity increases rapidly during the begin-
ning of the SF X2.2 event, followed by an intensity valley
between both SFs events. After the second X-ray peak
(SF X9.3) the X-ray intensity decreases monotonically.
The EUV flux daily variations were obtained from the
empirical model of the Flare Irradiance Spectra Model
(FISM) (http://lasp.colorado.edu/lisird/). The EUV flux
variations are available from 0.1 nm to 190 nm with a wave-
length resolution of 10 nm and a 1-minute time cadence.
The model is based on a satellite experiment onboard the
Thermosphere Ionosphere Mesosphere Energetics and
Dynamics (TIMED)/ Solar Extreme ultraviolet Experiment
(SEE). More details about this model can be found in
Chamberlin et al. (2007, 2008, 2018), and Qian et al.
(2011). The contour plot in Fig. 2C shows the EUV flux
(W/m2 Dk) daily variation as a function of UT and wave-
length during September 05–06, 2017. The EUV flux was
disturbed in several wavelength channels during both SF
events on September 06, 2017. In addition, it is important
to mention that the disturbance in EUV flux persisted for
nearly 4 h after the occurrence of the strong X9.3 SF event.

The observations from Fig. 2 indicate that the two
extreme SF events occurred during quiet geomagnetic con-
ditions with simultaneous strong disturbances in X-ray and
EUV fluxes, providing a unique opportunity to investigate
the sole impact of SFs on the Earth’s ionosphere. There-
fore, we have analyzed multi-site observations from differ-
ent instruments of ground- and satellite-based experiments
during these SFs. The ground-based observations of the
geomagnetic horizontal component (H), from a network
of magnetometers recorded in the Brazilian and African
sectors, are used to verify the magnetic field variations.
Networks of GPS-TEC and ionosonde data recorded in
Brazilian, African and European sectors are also used. In
addition, in-situ electron density variations over the South
American and African regions measured by the Swarm
satellite constellation (Friis-Christensen et al., 2006, 2008)
are also analyzed. This collection of different observations
are used to investigate in detail the ionospheric response
over a large area of the terrestrial globe due to the two
strong SFs. Details of considered magnetometers, GNSS
receivers, and ionosondes in the three sectors are given in
Tables 1–3, respectively.
2.1. Geomagnetic field variations over the Brazilian and
African sectors during the solar flares

The horizontal component of the geomagnetic field (H)
measured over 10 stations (5 in Brazil and 5 in Africa), are
analyzed to compute DH variations using the relation
DH tð Þ ¼ H tð Þ � HQ midnight LTð Þ, where H(t) is the daily
variation of the observed horizontal component, and HQ

(midnight LT) is the average of 5 quiet days at local mid-
night (Denardini et al., 2018).

Fig. 3 shows the diurnal variations of DHduring Septem-
ber 05 and 06, 2017 over different stations in the Brazilian
and African sectors as listed in Table 1. For better visibility

http://lasp.colorado.edu/lisird/


Fig. 2. (A) Daily variations of the geomagnetic indices (Dst and Kp), solar wind speed (Vp), proton density per cm3 (#/Np), and IMF Bz component,
from September 5, 2017 to September 7, 2017. The red vertical lines indicate the time of the occurrence of two SF events X2.2 (first line) and X9.3 (second
line), respectively. (B) X-ray flux observed by GOES satellite from September 5, 2017 to September 7, 2017. The intensity is shown in wavelength ranges
from 0.05 to 0.4 nm (blue line) and from 0.1 to 0.8 nm (red line). Also, on the right side of the Y-axis (yellow) is shown the classification of SFs according
to the intensity (A, B, C, M, and X). (C) Contour plots of UV and EUV flux in the wavelength range from 1 to 100 nm from September 5, 2017 to
September 7, 2017. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Magnetometer station names, codes, geographic coordinates and dip-latitudes over the Brazilian and African sectors.

Magnetometer Station Name Station Codes Geo. Lat. (+N) Geo. Lon. (+W) Dip. Lat. (+N)

Brazilian Sector

Belem BEL �01.4 48.4 �00.5
Araguatins ARA �05.6 48.7 �04.1
Eusebio EUS �03.9 38.4 �08.4
Cuiaba CUI �15.6 56.1 �08.9
Cachoeira Paulista CXP �22.7 45.0 �20.5

Magnetometer Station Name Station Codes Geo. Lat. (+N) Geo. Lon. (+W) Dip. Lat. (+N)

African Sector

Tamanrasset TAM 22.8 �05.5 14.4
Mbour MBO 14.4 17.0 04.2
Tsumeb TSU �19.2 �17.6 �39.1
Hartebeesthoek HBK �25.9 �27.7 �41.9
Hermanus HER �34.4 �19.2 �45.9

Table 2
GPS-TEC station names, codes, geographic coordinates and dip-latitudes over the Brazilian, African, and European sectors.

GPS Station Name Station Codes Geo. Lat. (+N) Geo. Lon. (+W) Dip. Lat. (+N)

Brazilian West Sector

Porto Velho POVE –8.7 63.9 0.3
Colorado d’Oeste ROCD –13.1 60.6 –4.8
Barra do Garcas – UFMT MTGA –15.9 52.3 –11.1
Dourados – UFGD MSDR –22.2 54.9 –14.9
Alegrete RSAL –29.8 55.8 –20.2

Brazilian East Sector

Belem BELE –1.4 48.5 –0.5
Sobral CESB –3.7 40.3 –7.1
Vitoria da Conquista BAVC –14.9 40.8 –16.9
Ilheus BAIL –14.8 39.2 –17.8
Vitoria CEFE –20.3 40.3 –21.5

GPS Station Name Station Codes Geo. Lat. (+N) Geo. Lon. (+W) Dip. Lat. (+N)

African East Sector

Djibouti DJIG 11.5 –42.8 4.9
Malindi MAL2 –3.0 –40.2 –13.2
Arusha OLO7 –2.8 –35.9 –13.8
Dodoma DODM –6.1 –35.4 –18.2
Mtandika MTDK –7.3 –36.3 –19.8
Matola MATL �9.6 �34.6 –22.7
Mbamba bay MBBC –11.2 –34.7 –24.8
Zomba ZOMB –15.4 –35.3 –29.8
Thohoyandou TDOU –22.9 –30.5 –39.0
Hermanus HNUS –34.4 –19.2 –45.8

GPS Station Name Station Codes Geo. Lat. (+N) Geo. Lon. (+W) Dip. Lat. (+N)

European Sector
Katavia KATC 36.0 –27.8 32.6
Luzzi LUZZ 39.4 –16.3 35.7
Ankara ANKR 39.9 –32.8 37.8
Baku BAKU 40.4 –49.8 39.8
Ganja GANJ 40.7 –46.4 39.9
Simeiz CRAO 44.4 –33.9 43.1
Kiev GLSV 50.4 –30.5 49.3
Kurchatov KRTV 50.7 –78.6 54.1
Riga RIGA 56.9 –24.1 55.6
Kirkkonummi MET3 60.2 –24.4 58.8
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of features, DH variations after each SF event are elabo-
rately presented in small frames inside each panel.
We note that after the X2.2 SF (September 06, 2017
from 09:00 to 12:00 UT) DH for all stations in the African



Table 3
The ionosonde station names, geographic coordinates along with the start and end time of the fadeout due to X2.2 SF and X9.3 SF.

Ionosonde Stations Geog. Lat. Geog. Lon. SF X2.2
Start Absorption (UT)

SF X2.2
End Absorption (UT)

SF X9.3
Start Absorption (UT)

SF X9.3
End Absorption (UT)

Brazilian sector

Araguatins 05.6�S 48.0�W No No 12:00 12:30
Jatai 17.9�S 51.7�W No No 12:00 13:00
S. J. Campos 23.2�S 45.9�W No No 12:00 13:05

African sector

Madimbo 22.4�S 30.9�E 09:15 09:45 12:00 13:00
Louisvale 28.5�S 21.9�E 09:15 09:45 12:00 13:00
Grahamstown 33.3�S 26.5�E 09:15 09:45 12:00 13:00
Hermanus 34.4�S 19.2�E 09:00 09:15 12:00 12:45

European Sector

San Vito 40.6�N 17.8�E 9:15 9:30 12:00 13:30
Roquetes 40.8�N 00.5�E 9:05 9:50 12:00 13:45
Rome 41.8�N 12.5�E 9:00 9:45 12:00 13:15
Pruhonice 50.0�N 14.6�E 9:15 9:45 12:00 13:30
Dourbes 50.1�N 04.6�E 9.05 9:45 12:00 13:30
Fairford 51.7�N 01.5�W 9:15 9:45 12:00 13:30
Moscow 55.5�N 37.3�E 9:15 10:00 12:00 12:45

Fig. 3. Daily variation of the magnetic DH component observed at BEL, ARA, EUB, CUI, and CXP (Brazilian sector) and TAM, MBO, TSU, HBK, and
HER (African Sector) on September 05 and 06, 2017. The flares time are indicated by dashed lines for both days. Also, the DH variations are highlighted
between 09:00–12:00 and 11:30–13:30 inside of each panel.
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and Brazilian sectors show ripple features (see left side
small frames for 09:00 UT to 12:00 UT over Brazilian
and African sectors) that are not seen during the quiet
day (September 05, 2017). It is very interesting to notice
in these small frames that the Brazilian sector was not illu-
minated during the X2.2 SF event (see Fig. 1), but ripples
were seen in the DH recorded in all Brazilian stations and
these ripples (small and continuous fluctuations in the mag-
netic field for few hours) are similar to those recorded in
the African sector. This suggests that solar quiet (Sq) cur-
rent system have similar minor disturbances in the Earth
illuminated and non-illuminated regions during the solar
flare.

On the other hand, the X9.3 SF produced significant DH
disturbances in both sectors. In the Brazilian stations
located at low-latitudes (EUS, CUI, and CXP) DH presents
a peak, and at near-equatorial region (BEL and ARA) a
valley is noticed. In the African sector the DH peak is
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observed at stations located at low-mid latitudes (TAM,
TSU, HBK, and HER) as well as near the equatorial region
(MBO). Since the African sector was illuminated during
both SFs events, it is possible to notice that the DH distur-
bances due to the X9.3 SF are much larger than the distur-
bances due to the X2.2 SF. This is an indication that the
sudden positive ionospheric disturbances produced by the
X9.3 yielded large Sq current system disturbances in the
Brazilian and African sectors. The changes can be noticed
in Fig. 3 comparing the daily variation of the DH on
September 05, 2017 (quiet day) and September 06, 2017
(disturbed day) from 12:00 UT to 20:00 UT.

As mentioned by Bagiya et al. (2018) the X9.3 SF pro-
duced an intense E region ionization over Indian sector
and the EEJ current increased ~500% as compared with
previous quiet day. The changes observed in the Brazilian
and African sectors are in agreement with those reported
by Bagiya et al. (2018). Unfortunately, in the Brazilian
and African sectors we do not have magnetometers located
Fig. 4. (A) The comparison of VTEC between quiet (black curves) and SF dist
for African sector. (C) The same as (A) but for European sector. (For interpret
to the web version of this article.)
in the required locations (near and off the geomagnetic
equatorial locations) to evaluate the EEJ intensity. How-
ever, we can see that the enhancement in DH after the
X9.3 SF is large at near-equatorial stations (BEL, Brazil
and MBO, Africa) when compared to the other stations,
which indicates that the EEJ must have significantly
enhanced after X9.3 SF over the Brazilian and African
sectors.

2.2. GPS and ionosonde observations over the Brazilian,

African and European sectors during the solar flares

The GPS measured TEC variations as a function of UT
over 10 Brazilian, 10 African, and 10 European stations are
presented in Fig. 4A, 4B and 4C respectively. TEC values
are computed using the observations from satellites above
30� of elevation. The black and red curves are the
observed VTEC mean diurnal variation using 5 quiet days
(September 1 to 5, 2017) and during the disturbed day by
urbed day (red curves) over 10 Brazilian stations. (B) The same as (A) but
ation of the references to colour in this figure legend, the reader is referred
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the two SFs (hereafter SF day, September 06, 2017),
respectively. The two blue vertical lines show the time when
SFs occurred, where the first line corresponds to the X2.2
SF and the second line to the X9.3 SF. The VTEC daily
variations of the quiet mean and flare day are plotted in
the same frame to allow a comparative study between quiet
and SF conditions. Since the VTEC has latitudinal depen-
dence, the Y-axis for the Brazilian range from 0 to 50
TECu, and African sectors range from 0 to 45 TECu and
Y-axis, while for the European sector, TEC ranges from
0 to 25 TECu. For more details about GPS-TEC sites
and coordinates used in this investigation see Table 2.
2.2.1. The ionospheric VTEC and ionosonde response due to

the X2.2 solar flare

The first SF took place at 08:57 UT (X2.2) and during
this first event, the Brazilian ionosphere was not illumi-
nated by sunlight (Fig. 1, left panel) and hence it is not dis-
turbed. This is evident in Fig. 4A where VTEC values from
Fig. 5. Snapshots of ionograms obtained at 08:45 UT (before the SF X2.2)
Madimbo, and Rome, in the (A) Brazilian, (B) African, and (C) European se
09:00 UT to 12:00 UT during disturbed and quiet times are
quite similar. Further, the ionograms snapshots obtained
at 08:45 UT (before the X2.2 SF) and 09:15 UT (after
the X2.2 SF) over the Brazilian sector are presented in
Fig. 5A. It can be noticed from the ionogram recorded over
Araguatins at 09:15 (Fig. 5A-right panel) that the E and F
echoes are very clear indicating that there is no radio fre-
quency wave absorption in the Brazilian sector due to the
X2.2 SF.

On the other hand, European and African sectors are
illuminated by this first SF event X2.2 and the ionosphere
is disturbed in both sectors. As seen from Fig. 4B, in the
African sector, at near-equatorial region (dip-latitude
4.9oN) and between dip-latitudes from 18oS to 45oS, VTEC
values are approximately 3% and 10% lower than those of
the quiet period, respectively. However, near dip latitude of
13oS, VTEC values during the disturbed time are approxi-
mately 18% higher than those of the quiet period (Fig. 4B).
The observed VTEC behavior during this first SF in the
and 09:15 UT (after the SF X2.2) on September 06, 2017 at Araguatins,
ctors, respectively.
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African sector is completely surprising, since it is usually
expected that VTEC enhances during SF with respect to
the quiet time mean (positive ionospheric disturbances),
from the equatorial region to mid-latitudes. A possible
explanation for the anomalous VTEC behavior in the Afri-
can sector is the combination of electrodynamics (Fountain
effect and Equatorial Ionization Anomaly-EIA) and SF
effect, because this event took place at 08:57 UT (11:57–
12:00 LT) when the strength of the fountain effect is getting
strong and the EIA formation is underway. However, this
anomalous VTEC behavior needs further investigation. It
is noticed from Fig. 4C that, after the X2.2 SF the VTEC
values from 09:00 UT to 12:00 UT are ~10% higher than
those of the quiet time mean over the European dip lati-
tudes from 32�N to 39�N. Beyond these dip latitudes,
VTEC values after the X2.2 flare are similar to quiet time
ones except for the station KRTV.

The ionograms recorded at 08:45 UT and 09:15 UT over
the African and European sectors are shown in Fig. 5B and
5C respectively. It is observed from these ionograms that
the E- and F-region traces are present before the occur-
rence of the X2.2 flare and they disappear after. This shows
that the enhanced density due to X2.2 flare caused a signif-
icant absorption of ionosonde signals over the European
and African sectors, while the absorption is not present
over Brazilian sector (Fig. 5A) since it is in the non-
illuminated region.

2.2.2. The ionospheric VTEC and ionosonde response due to

the X9.3 solar flare

A perusal in Fig. 4A, 4B and 4C shows that the observed
VTEC values are strongly disturbed after the X9.3 SF
event (11:53 UT) over Brazilian, African, and European
sectors. It is important to mention that, all presented sta-
tions are illuminated by the Sun during the flare and these
stations are spanning from equator to low, mid and high
latitudes.

The VTEC after the X9.3 SF peak event show higher
values (positive ionospheric disturbances) compared to
those of quiet time mean and these higher VTEC values
last for several hours after the X9.3 SF event. However,
the higher VTEC values strength and lifetime vary from
one station to the other. This indicates that the ionospheric
local electrodynamics is superimposing on the SF effects. It
is also noticed from VTEC variations that the disturbances
produced by X9.3 SF are more intense than the previous
X2.2 SF. In order to evaluate the strength of disturbances,
the VTEC average is calculated for each sector between
12:00 and 18:00 UT. It is found that the mean VTEC for
the 10 Brazilian stations are around 20% and 41% higher
than the quiet period for the west and east sectors, respec-
tively. The mean VTEC for the African and European sta-
tions are approximately 19% and 18% higher during the SF
time compared to the quiet periods, respectively.

The fact that the higher VTEC values (positive iono-
spheric disturbances) last for several hours after the X9.3
SF peak, it is probably related to the slow decay of the
peaks in the X-ray and EUV flux variations (Fig. 2B and
2C). Surprisingly, considering the GPS receivers at equato-
rial and low latitudes, it is seen from Fig. 4A and 4B that
the positive ionospheric disturbance in the Brazilian sector,
after the X9.3 SF, is stronger than that in the African sec-
tor. The X9.3 SF took place at 11:53 UT that is at 08:00–
09:00 LT over GPS receivers located in the Brazilian sector
and at around 14:00–15:00 LT in the African sector.

Plasma upward and downward motions are mainly
caused by ionospheric electric fields and currents and those
during disturbed conditions can significantly differ from
their quiet-day patterns at low and mid latitudes. This is
due to a simultaneous action of two processes: the magne-
tospheric dynamo and the ionospheric disturbance dynamo
(Blanc and Richmond, 1980).

The magnetospheric dynamo is caused by dynamic
interactions between the solar wind and the magneto-
sphere. This mechanism gives rise to electrical currents,
which along with their associated electric fields (called
prompt penetrating electric fields) can reach the lower lat-
itudes through the conducting ionosphere (Mannucci et al.,
2005; Huang et al., 2007; Fejer et al., 2008; Zhao et al.,
2008; Tsurutani et al., 2008). Anyhow, this is a process that
plays a significant role when the IMF Bz is southward
(Tsurutani et al., 2004), which is not the case (see Fig. 2).

The ionospheric disturbance dynamo instead is triggered
by an energy input into the thermosphere that modify the
global thermospheric circulation, altering the electric fields
and currents that are produced by the ionospheric wind
dynamo action for quiet conditions at low and mid lati-
tudes (Fejer and Scherliess, 1995; Fejer et al., 2008;
Nicolls et al., 2006, Li et al., 2018, Lei et al., 2018,
Blagoveshchensky and Sergeeva, 2019, Imtiaz et al.,
2020). Specifically, the polarity and duration of the electric
fields related to the disturbance dynamo can cause uplifts
and descents of the ionospheric plasma that are at the base
of large-scale local time dependent increases and decreases
of VTEC. According to Fejer et al. (2008) during equinox
there is a disturbance dynamo upward drift (with a conse-
quent movement of the plasma towards altitudes where the
recombination rate is lower) that between 8:00 and 9:00 LT
is larger than between 14:00 and 15:00 LT. Therefore, this
could explain why the Brazilian sector shows VTEC varia-
tions larger than those characterizing the African sector.

However, other studies have noticed an increase in
VTEC of the order of ~2–4 TECu in the whole sunlit iono-
sphere (mid-latitudes) after the X2.2 SF, and of the order
of ~8–10 TECu and ~15–16 TECu after the X9.3 peak at
mid- and low-latitudes, respectively. The increase in VTEC
due to X9.3 flare lasted longer because of the slow decay of
the solar flare emission. In addition, HF-radio wave prop-
agation blackouts and deterioration were recorded in some
location, for more details see Yasyukevich et al. (2018).
Also, Zhang et al. (2019) analyzed the differential TEC val-
ues and observed a traveling ionospheric disturbance (TID)
related with the SF X9.3 flare in the North American
sector.
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Further, the ionograms obtained at 11:45 UT (before
the SF X9.3) and 12:00 UT (after the SF X9.3) on Septem-
ber 06, 2017 over Brazilian, African and European sectors
are presented in Fig. 6A, 6B and 6C respectively. It is
clearly noticed from this figure that the three different sec-
tors show E and F-regions trace before the X9.3 SF, but
after the SF at 12:00 UT the E and F-regions disappear
showing a blank ionogram. This is a clear indication that
a large area of the globe was affected by the SF and radio
waves were fully absorbed by the D-region. A complete list
of 14 ionosondes showing the start and end time intervals
of the absorption due to the X2.2 and X9.3 SF is given
in Table 3. It is observed that, just after the SF there was
a total radio fadeout. Then it turned to a partial fade-
out, with the highest frequencies echoes appearing first
on ionograms, and finally the complete ionogram echo is
reestablished. These observations demonstrate that solar
flare events can disrupt the radio signals over a large geo-
Fig. 6. Snapshots of ionograms obtained at 11:45 UT (before the SF X9.3) a
Araguatins, Madimbo, and Rome in the Brazilian, African, and European sec
graphical extent for a few hours, which is a severe problem
for communication and navigation radio applications.
2.3. Equatorial Ionization Anomaly (EIA) space-time

variations in the South American and African sectors

During the daytime at the geomagnetic equator, the F-
layer presents a vertical uplift, due to a zonal eastward elec-
tric field (E). The equatorial F-layer vertical upward drift
(Vz) during daytime is given by Vz = (E � B)/B2, where
B is the geomagnetic field, and therefore the ionospheric
plasma moves upward and diffuses downwards along the
magnetic field lines due to gravitational and pressure gradi-
ent forces (equatorial fountain effect). Because of this foun-
tain effect, a portion of the ionospheric plasma around the
equator is removed and deposited at low-latitudes, around
±15� to ±17o dip-latitudes. The EIA has been extensively
investigated under quiet and disturbed geomagnetic condi-
nd 12:00 UT (after the SF X9.3) on 06 September 06, 2017 at locations
tors, respectively.
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tions (Immel et al., 2006; Venkatesh et al., 2014, 2017;
Fagundes et al., 2016; Eastes et al., 2019; Ribeiro et al.,
2019; Vieira et al., 2017). Since SFs alter the electrodynam-
ics occurred along with the EIA formation at the Earth´s
illuminated side (daytime), it is interesting to investigate
how the disturbances caused by the consecutive X2.2 and
X9.3 SFs affected the formation and evolution of EIA in
different sectors of the Earth, especially during the stron-
gest SF event, where the soft X-ray, white-light emission
(including UV and EUV), and c-ray emissions increased
in a rapid and really significant way.

As shown in the previous sections where we faced VTEC
variations, the equatorial and low latitude regions of the
Earth are the most disturbed regions by SFs. Thus, using
the same methodology proposed by Venkatesh et al.
(2014) and Fagundes et al. (2016), an investigation of the
EIA in the Brazilian and African sectors is carried out to
understand the impact of SFs on the EIA variability under
this extreme condition. In addition, Swarm satellite mea-
sured in-situ electron density data (Friis-Christensen
et al., 2006, 2008; Pezzopane and Pignalberi, 2019) are used
to better understand the EIA evolution during the X2.2
and X9.3 events. For this purpose, the satellite orbits are
considered on the quiet and disturbed days of September
05, 2017 and September 06, 2017, respectively.

The EIA variations over the Brazilian eastern and west-
ern sectors and African eastern sector are presented using a
Fig. 7. (A) VTEC contour plots as a function of UT and latitude, showing
longitudes) for September 05, 2017 and September 06, quiet and disturbed d
occurrence of SFs and horizontal black line indicates approximate position of
sector (second row, 54�–74� longitude).
set of 20, 23, and 15 GPS stations, respectively, in Fig. 7
(Brazil) and Fig. 9 (Africa). As mentioned above, the
X2.2 SF took place at 08:57 UT, that is nighttime in South
American sector and daytime in the African sector. Never-
theless, the X9.3 event took place during daytime in South
American and African sectors. The time when these events
took place are indicated by dashed lines in Figs. 7 and 9 at
08:57 UT (X2.2, first dashed line) and at 11:57 UT (X9.3,
second dashed line).

The EIA variations over Brazil in the east and west sec-
tors are presented in Fig. 7A and B respectively. In this fig-
ure, the left panels represent the EIA variations during
quiet day (September 05, 2017), while the right panels rep-
resent those on the flare day (September 06, 2017). Since it
is dawn in the South American sector when X2.2 event
took place, the VTEC has the lowest values during this
time (dark blue, 0–5 VTECu). Consequently, some small
changes caused due to SF X2.2 in VTEC are imperceptible
for this local time (LT) when compared between the quiet
and disturbed days.

The latitudinal profiles of the in-situ electron density
observed by the Swarm satellites constellation over South
America during X2.2 and X9.3 SF events are presented
in Fig. 8A and B respectively. In these Fig. 8A and B,
the first row shows measurements on the quiet day
(September, 05 2017), while the second row shows mea-
surements on the disturbed day (September 06, 2017).
the evolution of EIA in the eastern Brazilian sector (first row, 42�–62�
ays, respectively. The two dashed vertical lines indicate the time of the
the magnetic equator. (B) The same as (A) but for the Brazilian western



Fig. 8. In-situ electron density measurements in the South American sector from Swarm B on September 05, 2017 (quiet day) at 09:12 UT (03:53 LT) and
on September 06, 2017 (disturbed day) at 08:53 UT (03:48 LT). (B) The same as (A) but for Swarm C on September 05, 2017 (quiet day) at 13:15 UT (10:13
LT) and September 06, 2017 (disturbed day), at 12:36 UT (10:07 LT).
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Fig. 9. (A) VTEC contour maps as a function of UT and latitude over the
eastern African sector (first row, 20�–40� longitude) for September 05,
2017 quiet day. The two dashed vertical lines indicate the time of the
occurrence of the SFs and horizontal black line indicates approximate
position of the magnetic equator. (B) The same as (A) but for disturbed
day (September 06, 2017).
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Comparing Swarm in-situ observations between quiet and
disturbed days just after the X2.2 event, it is noticed that
the electron density has doubled just after the X2.2 event.
As already mentioned, this event happened during night-
time in the South America and no change in electron den-
sity is expected. Since, these in-situ data were observed on
consecutive days, also because the satellite latitudinal path
and the time at which the observation was made are very
similar. Also, doubling the in-situ electronic density cannot
be related to the ionospheric day-to-day variability. Proba-
bly this change in the nighttime side is closely related to the
X2.2 SF disturbance, via plasma transport from the day-
side to the night-side, through thermosphere and iono-
sphere coupling. It may also be possible that, since the
X2.2 occurred in the early morning in the Brazilian sector
(05:57 LT), the ionosphere at Swarm satellite altitudes is
sunlit and got exposed to the flare radiation resulting in a
density enhancement at those particular heights. It is
important to mention that VTEC is an integrated iono-
spheric parameter and it is very difficult to notice changes
when VTEC values are small. On the other hand, the in-
situ electron density observations from Swarm satellite
can reveal changes at a specific height. This shows the
importance of multi-instrument and multi-site observations
to study space weather events and their effects at different
scales.

It is seen from Fig. 7 that the X9.3 SF happened (around
12:00 UT) when the VTEC values in the South American
sector present a transition from blue (10–15 TECu) to light
blue (15–20 TECu). It should be mentioned that the X9.3
peak took place when the EIA was not yet formed. How-
ever, the X9.3 caused a rapid increase of X-ray and EUV
fluxes around 12:00 UT which slowly decayed as seen in
Fig. 2B and C. This SF event lasted for several hours
and therefore the EIA was disturbed for several hours after
the X.9.3 peak (see Figs. 4A and 7).

Comparing the left and right panels of Fig. 7A and 7B a
VTEC intensification is clearly visible after the X9.3 SF in
eastern and western sectors over Brazil. Thus, the EIA crest
(reddish pattern in Fig. 7-right panels) after the X9.3 event
(September 06) becomes stronger, larger and has a longer
lifetime when compared to the previous day (September
05), indicating that the X9.3 SF had a major impact on
the EIA in the American sector. It appears that the eastern
sector was more affected than the western sector since the
local time of the east sector is 1 h ahead of the west sector.
One prominent feature of the EIA crest during the dis-
turbed day is the latitudinal extension and lifetime in the
east and west sectors. Fig. 7 shows that the EIA crest in
the east sector is shifted southward ranging from �25� to
10� latitudes, while in the west sector is shifted northward,
ranging from �15� to 20� latitudes. This should probably
be closely related to the declination of the geomagnetic
field and the distance between the geomagnetic and geo-
graphic equators.

Again, comparing the in situ electron density obtained
from Swarm satellite data during quiet (September 05)
and disturbed days (September 06) it is clear that the
EIA trough and crests are not yet formed. However, the
electron density has doubled after the X9.3 event in the
eastern South American sector. The shape and latitudinal
variation of the electron density for quiet and disturbed
days are quite similar, but the maximum ionization is dou-
bled around the geographic equator.

Further, using TEC observations on September 05 and
06, 2017 from a network of 15 GPS receivers (Table 2) in
the African east sector, are presented in Fig. 9. The X2.2
and X9.3 SFs took place during local daytime and both
flares disturbed the EIA daily variation over the African
sector. Fig. 9 shows that, after the X2.2 peak, the southern
EIA crest is just forming. The VTEC after the X2.2 SF
peak (09:00–12:00 UT) increased at low-latitudes, indicat-



Fig. 10. (A) In-situ electron density measurements in the African sector from Swarm A satellite on September 05, 2017 (quiet day) at 08:40 UT (10:17 LT)
and on September 06, 2017 (disturbed day) at 09:45 UT (10:12 LT). (B) The same as (A) but for Swarm B on September 05, 2017 (quiet day) at 13:04 UT
(15:48 LT) and on September 06, 2017 (disturbed day) at 12:45 UT (15:43 LT).
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ing an enhancement of the EIA southern crest compared
with the previous quiet day (September 05, 2019).

Simultaneous in-situ observations from Swarm A satel-
lite during the X2.2 and X.9.3 events are presented in
Fig. 10A and 10B respectively. Fig. 10A shows that the
electron density measured by Swarm increased by a factor
of 4 on September 06 at 09:35 UT (10:17 LT) when com-
pared to the previous quiet day at 08:40 UT (10:12 LT).
Also, the latitudinal electron density profile is slightly dif-
ferent than that of the quiet day (Fig. 10A). It is important
to mention that the orbits of Swarm A satellite on Septem-
ber 05 and 06 were around 25� and 10� longitudes, respec-
tively. It is worth noting that at this moment the
disturbance caused by the SF is more prominent since the
electrodynamics related to the formation effect of the
EIA was just starting. For this reason, the electron density
increased by a factor of 4 and the change in the latitudinal
profile structure is small.

The comparison between Fig. 9A and 9B shows that
after the X9.3 SF (highlighted by the second dashed line)
the EIA southern crest becomes stronger, broader in lati-
tude and has a longer lifetime as compared with the quiet
day (September 05, 2017). Also, a VTEC intensification
beyond the EIA crest is observed in the northern and
southern hemispheres. During the X9.3 SF peak, the foun-
tain effect in the African sector is stronger than that in the
South American sector (Fig. 7). This is due to the local time
difference between the two sectors; in the African sector is
around 14:00–15:00 LT, while in the South American sec-
tor is around 8:00–9:00 LT. Therefore, the combination
of additional electron density produced by photoionization
due to X9.3 SF and fountain effect gave rise to a stronger
EIA in the African sector than in the American sector. It
must also be noted here that the large enhancement in
DH after X9.3 SF (Fig. 3) over the equatorial regions in
the American and African sectors (related to an enhance-
ment of EEJ) should have strengthened the EIA in these
two sectors.

The in situ electron density during quiet day (September
05, 2017) measured by Swarm B (Fig. 10B, first row))
shows clear EIA trough and both crests well formed. How-
ever, on September 06, 2017 the EIA is disturbed, where
the trough and crests have almost the same electron density
(Fig. 10B, second row). The main difference between the
quiet and SF disturbed days are the shapes of the latitudi-
nal distribution of electron density and not the magnitude
of the electron density.

3. Conclusion

This investigation is a contribution to the understanding
of the equatorial-low-mid-latitudes ionospheric response to
the extreme X2.2 and X9.3 solar flares that took place on
September 06, 2017. In this paper, we have presented and
discussed the impact of both solar flares on the ionosphere
over South American, African and European sectors using
magnetometer, GPS-VTEC, ionosonde, and Swarm
satellite observations. The main findings of the present
investigation are:

(a) The horizontal component of the geomagnetic field
(H) in South American and African sectors are dis-
turbed by both SFs. The X2.2 event took place in
South American and African sectors during night-
time and daytime, respectively. In both sectors similar
kind of ripples are recorded in the H component vari-
ations after the flare. This suggests that minor distur-
bances of the H component of the geomagnetic field
due to solar flares can be observed in the non-
illuminated side of the Earth as well.

(b) The X2.2 SF did not affect the VTEC and ionosonde
records in the South American sector, because this
sector was not illuminated by sun light during this
flare. On the other hand, the European and African
sectors were illuminated by sunlight and the X2.2
SF disturbed the VTEC and ionograms. However,
in the African sector, it is noticed that the disturbed
VTEC disturbances is higher in some regions and
lower in other latitudes when compared with the
quiet day. This anomalous VTEC behavior over the
African sector can possibly be related to the combina-
tion of the beginning of the EIA formation and extra
photoionization by the X2.2 SF.

(c) After the X9.3 SF peak, the VTEC is disturbed at all
latitudes for several hours and ionograms experi-
enced fade-outs for about one hour. The VTEC is
around 20%, 41%, 19%, and 18% higher respectively
in the east and west Brazilian sectors, African and
European regions when compared with quiet day.

(d) The EIA in South America eastern and western sec-
tors and African sectors is investigated using 3 net-
works of 20, 23, and 15 GPS stations, respectively.
It is noticed that the EIA becomes stronger, larger
and has a longer lifetime when compared to the pre-
vious quiet day. In addition, Swarm satellite constel-
lation data are used to investigate the in situ
latitudinal electron density profile to understand the
EIA changes during these events. It is noticed that
the electron density is doubled during the X2.2 SF
and increased by a factor of 4 during the X9.3 SF
when the fountain effect is not present or is still weak.
However, the combination of SF and fountain effect
changes the longitudinal profile of the in situ electron
density.
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