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Abstract

Brazil is a region of the Earth daily affected by strong
ionospheric variability that may exacerbate during space
weather events. In this paper, the ionospheric response to
the solar storms that occurred in the first half of September
2017 is analyzed in terms of scintillation and TEC data
from ground-based GNSS, ionospheric parameters from
ionosondes and in-situ electron density data provided by
the ESA Swarm mission. The result shows the complexity
of the equatorial ionospheric dynamics under severe
geospatial perturbations highlighting the occurrence of a
super fountain event during daytime as the effect of a
severe geomagnetic storm.

1. Introduction

In early September 2017, several solar events, including
flares and a coronal mass ejection (CME), resulted into one
of the most severe geomagnetic storm of the current solar
cycle [1]. In the specific, an X2.2 flare at 9:10 UT
September 6 preluded the X9.3 class solar flare at 12:02
UT, producing a R3-Strong radio blackout [2]. The impact
of the coronal mass ejection (CME) caused a G4 level
(severe) geomagnetic storm between September 7 and 8
(22:29 UT). In correspondence with the CME arrival, the
Kp and Dst geomagnetic indexes reached up to 8 and -142
nT, respectively [3], [4]. The second strongest flare
classified as X8.2 happened on September 10 at 15:35 UT,
together to a proton particles event by 18:43 UT. The
associated CME was mostly directed away from Earth, that
was reached on September 12 and 13 with Kp = 5,
producing a minor geomagnetic storm (G1) [5]. In the
Brazilian region the ionospheric variability exacerbates
during space weather events as it encompasses the crests of
the Equatorial Ionospheric Anomaly (EIA) [6]. Here
ground based and in situ data are used to show the
ionospheric plasma dynamics under the September 2017
events, contributing to assess the worst-case scenario for
disruption of real time high accuracy GNSS based
applications [7].

2. Data

The data include the electron density n, measured in situ
by Swarm satellites Alfa (A) and Charlie (C), flying side

by side at a height of 462 km and with 1.5° of longitudinal
separation, and satellite Bravo (B), at an altitude of 510 km
on an orbit constantly drifting with respect to the other two
satellites [8]. The 2 Hz n, measurements are provided by
the Langmuir probe on-board of the Swarm satellites
collecting 10 minutes of data in each passage (both dayside
and night side passages). In addition, calibrated TEC (1
min) from 143 geodetic dual frequency GNSS receivers of
IBGE network is used to estimate spatial variations of TEC
[9]. Amplitude scintillation (S4) index (1 min) is also used
from the CALIBRA network (50 Hz receivers) [10] to
identify ionospheric irregularities. Finally, data from five
digisondes operating in Brazil within the Global
Ionospheric Radio Observatory (GIRO) are used probing
the bottom-side ionosphere up to the peak of ionospheric
plasma density (Figure 1).
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Figure 1. Location of IBGE network, CALIBRA network
and digisondes in Brazil used in this study.

3. TEC and Ionospheric Scintillation

The slant TEC (STEC) along the oblique propagation path
from IBGE is used to estimate the vertical TEC (VTEC) at
the ionospheric pierce point (IPP) [11]. The verticalization
allows the data geometry independence [12] and is
obtained by applying an appropriate ionosphere mapping
function [13]:



VTEC = STEC/F (Qpie0) €))

Where F(a,,,) is the obliquity factor, defined as:
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Qerey 15 the elevation angle of the satellite, R, is the Earth
radius and H;pp is the height of the ionospheric pierce
point, here assumed at 350 km. Scintillations are the effects
of the small scale ionospheric irregularities caused by
plasma bubbles (PB) on GNSS signals that tend to occur
daily in the Brazilian region under the crests of the EIA,
during the post-sunset (19 to 01 LT) [12], [14], [15]. The
Amplitude Scintillation Sy is the standard deviation of the
received signal power normalized to the average signal
power, and it is dimensionless [16]. The vertical S4 is given
by:
Saverticat = Sastant/ (F(aelev))p+1/4 3)

Where p is a dimensionless variable, which represents the
power spectral density of intensity [17].

4. Discussion

The reaction of the equatorial ionosphere over Brazil
during the strong solar storm is depicted in Figure 2 in
terms of n, by Swarm satellites A-B-C. The selected tracks
cover from the central to the east part of Brazil and are the
closest ones to the ground-based network used. During
early September, the Swarm A and C satellites crossed this
region during nighttime (~22 LT, blue line) and daytime
(~10 LT, red line). Swarm B satellite passes at ~03 LT
(blue line) and at ~15 LT (red line). Panels a), b) and c)
show n, measured by Swarm A, C and B on September 6
as an example of a quiet condition scenario. The nighttime
passages in the disturbed days (8 and 13 September), reveal
the presence of n,, irregularities (Figure 2 panels d, e, g, h,
blue lines). The nighttime tracks (only A and C satellites,
B passage was at different time of the day the September 8
and missing the September 13) show clear signatures of
ionospheric plasma depletions (i.e. PB), possibly
disturbing the propagation of the GNSS signals. Moreover,
in daytime, all of the Swarm satellites reveal an increased
n,, reaching 8.10° electrons/cm®, on September 8. These
effects, particularly during the September 8, are probably
due to the prompt penetrating electric field in the
ionosphere during the day from auroral and sub-auroral
latitudes [18]. This affects the plasma uplift (ExB),
bringing denser plasma up to Swarm B altitude as shown
for 8 September (Figure 2, panel f).

During the post-sunset the Rayleigh-Taylor instability
occurs, leading to electron density depletions well captured
by satellites A and C (Figure 2, panel g and h).
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Figure 2. Plasma density profile of satellites A, B and C of
Swarm for Brazil region in the days 6, 8§ and 13 of
September 2017.



Figure 3 reports September 6-14 distribution of TEC
retrieved by IBGE as a function of geographic latitude and
time. The S4 by the CALIBRA network (50 Hz receivers)
is showed with magenta crosses for S4> 0.3. The black line
superposed indicates the Dst in nT, highlighting the
presence of two storms, the second one starting the
September 8 [19]. In September 8 the TEC increases and
forms two picks of ionization, the first one during daytime
indicating that the EIA southern crest intensifies as a result
of the CME and expands towards higher latitudes probably
due to a super fountain effect [20]. S4>0.3 appears at TEC
gradients expanding to higher latitudes especially during
the recovery phase of the storm developed from September
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Figure 3. Vertical TEC from IBGE stations for the period
6 - 14 September 2017 along with S, scintillation data > 0.3
(magenta crosses) from CALIBRA stations data and the
DST index curve (black line).

The digisonde ionograms and the electron density profiles
by the Automatic Real-Time Ionogram Scaler with True
height software (ARTIST) [21] are presented in Figure 4.
The ionograms were recorded at 00:00:00 UT (-3h for
approximate LT) of September 8 2017. The two northeast
stations (SAAOK and FZAOM) show the presence of strong
range spread-F, a signature of PB irregularities that make
the vertical electron density profile unreliable. CGK21
station also present some traces of alteration by Rayleigh-
Taylor instability. The other stations, SMK29 and CAJ2M
show typical mid-latitude night-time ionograms with very
well defined traces of the F layer.

5. Conclusions

A deeper understanding of the roles played by different
geospatial storm indicators on the equatorial plasma
dynamics can contribute to the improvement of models
feeding mitigation techniques against the effects of the
ionosphere on GNSS based techniques. The multi-
instrument data analysis performed over Brazil referred to
the September 2017 space weather events shows the high
variability of the ionospheric plasma as function of the
height, time of the day and latitudes.

Figure 4. Digisondes operating in Brazil from the Global
Tonospheric Radio Observatory (GIRO): a) Sao Luis
(SAAOK), b) Fortaleza (FZAOM), c) Campo Grande
(CGK21), d) Santa Maria (SMK29) and e) Cachoeira
Paulista (CAI2M).

The nighttime passage of the Swarm satellites over Brazil
indicates the formation of plasma bubbles the 8 and 13
September 2017, clearly identify until an altitude of 460
km (Swarm satellites A and C) at least the September 8, as
Swarm B data are missing the 13 September. The
September 8 during daytime, the plasma density intensify
and moved to high altitudes (510 Km) as showed by
satellite B, especially in the region of the southern EIA
crest. The CME induces two maxima of TEC elongated
towards higher latitudes. Scintillation occurrence (for
S4>0.3) tends to increase still towards higher latitudes
during the recovery phase of the storm. Digisondes confirm
the nighttime occurrence of PB irregularities during
nighttime of September 8, the signatures (strong range
spread F) decreasing with increasing the latitude.
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