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ABSTRACT. The ionosphere is an ionized layer extending from about 50 km to 1,000 km of altitude. When an
electromagnetic signal crosses this layer it suffers a delay in its group velocity and an advance in its phase velocity.
The ionosphere is very dynamic and after the sunset its F region equatorial bottomside is lifted up by the intensified
eastward electric field, giving origin to an steep plasma gradient. This configurates an unstable condition with higher
density plasma standing over lower density one. Seeding mechanisms (Abdu et al., 2015) like gravity waves, if exist
at this region, create favorable conditions for the Rayleigh-Taylor interchange plasma instability to develop. This
instability pushes rarified plasma upward giving origin to large regions named Equatorial Plasma Bubbles (EPB)
that rise at equatorial regions and map to low latitudes along the magnetic field lines and can reach continental
extension. Through cascating process, small scale irregularities (cm to km) are generated inside the EPBs. Due to
refractive effects, amplitude and phase scintillations are generated in the signal crossing these irregularities.
Transionospheric signals used in telecommunication links and in the GNSS applications are severely affected during
ionospheric scintillations. In this work we will present the ionospheric scintillation morphology over Brazilian
longitudinal sector, its effects over positioning and navigation systems and the existing methodology to mitigate
them.

Keywords: ionosphere physics, ionospheric scintillation, GNSS, GBAS and SBAS, threat model.

INTRODUCTION

The ionospheric scintillation due to plasma irregularities
presents a large day-to-day variability and suffer the
influence of the local time, season, solar flux,
geomagnetic location and geomagnetic activity
conditions (Moraes et al., 2017; Muella et al., 2017; Abdu,
2019). The relative direction of the GNSS signal in
relation to the bubble direction is an important factor
that should be accounted for (Moraes et al., 2017). The

signal scintillation causes GNSS receiver signal loss of

lock and cycle slips due to amplitude fades and fast phase

variations (Doherty et al., 2003), causing degradation of

accuracy (Kintner et al., 2001), availability and integrity

of this system. In Brazil degradation of precise

agriculture, positioning of petroleum platforms in deep
ocean and in aerial navigation systems that uses GNSS
signal and their augmentation systems like the SBAS
(Satellite Based Augmentation System) and the GBAS
(Ground Based Augmentation System) (Sousasantos, et
al., 2021; Marini-Pereira, et al., 2021), as well as
problems in the SAR (Synthetic Aperture Radar) (Sato et

al., 2021) and in the telecommunication systems have

been reported during scintillation events. So it is very
important to understand the plasma irregularity seeding
and evolution mechanisms and also the morphological
behavior of the scintillation to try to forecast its
occurrence and to mitigate its effects over the systems
that use signal. The

transionospheric plasma

irregularity studies are performed using data mainly
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from ionospheric sounders based on the ground or
onboard of satellites and using sophisticated simulation
(Yokoyama, 2017). In Brazil, the first
scintillation monitor that is a receiver specially prepared
to measure the GNSS signal at a high rate (50 to 100 Hz)
was installed in 1997 and nowadays there are many
scintillation monitor arrays in operation (de Paula et al.,
2023). Many of these arrays have the capability to

measure scintillation in almost real time (RT) and to

models

provide RT maps, which is a valuable tool for users of
GNSS positioning and navigation systems. The large-
scale bubble signatures can be displayed using Total
Electron Density (TEC) maps (Takahashi et al., 2016; de
Oliveira et al., 2020). Many others ionospheric sounders
like VHF radar (de Paula and Hysell, 2004), Digisondes,

VHF spaced receivers and all-sky imagers complement

the scintillation data from GNSS receivers. One
historical description of the scintillation and bubble
measurements over the Brazilian region is available in
de Paula et al. (2021a).

Besides being generated at the magnetic equator,

the plasma irregularities can also be locally generated at
regions with the presence of large electron density
gradients like around the crests of the Equatorial
Ionization Anomaly (EIA) that is located around 15°
(magnetic latitude) north and south (Muella et al., 2010).

One good parameter to represent the ionospheric

ionization is the TEC that can be available from the large
IBGE/RBMC array in the Brazilian territory. The
scintillation monitors cited above also provide TEC. The
electron density gradients can be detected by the TEC
gradients and from this parameter it is also possible to
calculate the Rate of TEC Index (ROTI), which is a good
proxy for plasma irregularities and consequently to the
ionospheric scintillation. It is worth to mention that the
scintillation amplitude is larger where the background
ionization (TEC) is large such as around the crests of the
EIA. In the next section we describe the Si and o, index
calculations used to represent the amplitude and phase
scintillation respectively and their effects over the GNSS
signals L1, L2C and L5. Then, in the following one, it is
described the GNSS scintillation morphology, the
scintillation effects on the augmentation systems (SBAS,
GBAS) and on the positioning and navigation systems
including the Real Time Kimematics (RTK). After, in
another section, we point out some existing efforts to
mitigate the scintillation effects on the systems that use
GNSS signal and the final section presents the

conclusions.
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GNSS SIGNAL AMPLITUDE S4 AND
PHASE Xo SCINTILLATION INDEXES
AND SCINTILLATION EFFECTS
OVER THIS SIGNAL

S4 and o, calculation
The most used index to represent the amplitude
scintillation is the Ssindex which is normally computed

according to Van Dierendonck et al., (1993):

(1) — (1) (1)

= Ty

where [=A2 = [.2 + Q¢ is the signal intensity; A is the
amplitude of the received signal; I and Q. are the signal
intensity in-phase and quadrature components
respectively measured in a rate of 50 to 100 Hz; and <>
is the ensemble average. It is usual to calculate Ss at each
one minute. So the S index is the standard deviation of
signal intensity divided by the mean value of intensity.
The phase scintillation index oy is calculated using

the equation (Van Dierendonck et al., 1993):

0= (@) — (@2 @)

where ¢ is the unwrapped and detrended carrier phase.

More detailed Ss and 0, calculations are described
in de Paula et al. (2021b).

Scintillation effects over the GNSS signal

Figure 1 presents one example of GPS L1 signal
amplitude scintillation event (upper panel) and the S4
index calculated for the same time interval (lower panel),
where a good correlation between them can be observed.
This example refers to satellite PRN 16 on the night of
November 22, 2014, recorded on a scintillation monitor
in Sdo José dos Campos, Brazil. It can be seen that as Sa
increases the more intense are the fluctuations in the
received signal strength. An interesting analysis about
the scintillation error at Sao José dos Campos, Brazil, for
the combination of different GPS
frequencies, during the solar maxima 24, can be found in

Sousa et al (2022).

It is important to mention that the Si index

signals and

alone does not represent the scintillation severity.
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Figure 1: GPS amplitude signal scintillation and the correspondent S4 index for
November 22, 2014, at the site of Sdo José dos Campos (source: the authors).

The decorrelation time parameter To, that is the time lag
at which the autocorrelation function falls e from its
maximum (zero lag) value, may be also considered for.
Figure 2 presents the amplitude scintillation for almost
the same S4 value (~0.8) but different 4 values of to and
it can be clearly observed different amplitude
scintillation patterns with the fading rate increasing for
smaller values of to. This subject was discussed in details
in Carrano and Groves (2010), Moraes et al. (2011) and
Portella et al. (2021). Finally, it is worth mentioning that
auxiliary parameters for scintillation analysis are not
limited only to to. In the works of Moraes et al. (2014,
2018a, 2019) examples of the use of statistical models
that can be used to differentiate the profile of

scintillation are presented.

The inability of the receiver to track and
demodulate the received signal is called loss of lock and
this is an effect that occurs when the received signal is
not of good quality. When loss of lock occurs, that channel
is lost and the total number of satellites used in the
positioning decreases. For GNSS positioning the

parameter that represents the quality of positioning

based on the geometry of the satellites is the GDOP

(Geometric Dilution of Precision) (Misra and Enge,

2006). The reduction in the number of available satellites
is a critical situation caused by strong scintillation that
can deteriorate or even hinder the GNSS operation.
Figure 3 shows one example of loss of lock for more than
four seconds. So the satellite PRN 29 was not available
during this time interval, increasing the GDOP.

With the aim of analyzing the performance of triple
GNSS frequencies L1, L2C and L5 during scintillation

conditions, Moraes et al. (2017) utilized measurements

by one Septentrio PolaRxS triple-frequency (L1, L2C,
and L5) receiver operated at Sdo José dos Campos (SJC),
(23.21°S, 45.95°W, -17.5° dip latitude,

declination 21.4°W), a site near the southern crest of the

Brazil,

equatorial ionization anomaly (EIA). The analysis used
S4 and oy scintillation data from 19:00 LT to 02:00 LT
during 01 November 2014 to 30 March 2015. Figure 4
shows the complementary cumulative distribution for S4
(a) and gy (b). This figure points out that it is possible to
state that the modernized signals L2C and L5 are more

susceptible to the effects of the ionospheric scintillation

Braz. J. Geophysics, 40, Suppl. 1, 2022
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Figure 2: Amplitude scintillation patterns for almost the same S4 value (Si: ~ 0.80) but different
decorrelation time to values (source: the authors).
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Figure 3: An example of loss of lock with 4.3 s of duration on November 18, 2014, at Presidente
Prudente (source: the authors).

in low latitudes. Later on, the work of Salles et al. and they analyzed the fading profile for L1, L2C and L5
(2021a,b) deepened this investigation for the same signals. The results of these works show that the
period, but for 4 different locations (Porto Alegre, Sao modernized signals have a higher fading rate, and

José dos Campos, Presidente Prudente and Fortaleza) deeper fades than the legacy L1 signal.

Braz. J. Geophysics, 40, Suppl.1, 2022
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Figure 4: Complementary cumulative distributions of S4 and o, for the L1, L2C, and L5 signals

(source: the authors).

Local Time, Seasonal, Solar Activity,
Latitudinal, Longitudinal, Magnetic
Activity, And Propagation Path
Effects on the Scintillations

The local time, seasonal and solar activity effects over the
ionospheric scintillations can be observed in Figure 5.
This figure shows the S4 > 0.2 percentage of occurrence
from 1998 to 2015, covering the solar cycle 23 and part of
24. It can be observed that the scintillation occurrence at
low latitude initiates around 19:30 and lasts up to 01:30
LT for high solar activity (this time interval decreases for
low solar activity) and its intensity and percentage of
occurrence are higher for higher solar flux. Even though
the seasonal behavior is also provided by this figure, a
better view of this behavior is shown in Figure 6 which
points out that bubbles at Brazilian low latitude (Sao
José dos Campos) starts in September and extends up to

March/April (Sobral et al., 2002), having maximum

occurrence during summer solstice (November—
January).
The scintillation intensity depends of the

ionospheric background ionization which is not uniform
along the magnetic latitude due to the EIA, being smaller
at equatorial regions with crests of ionization north and
south around 15° of magnetic latitude. The EIA is
intensified during the prereversal hours (18-21 LT). The
irregularities are proportional to AN, where N is the
background ionization and AN is the ionization variation.
As Nincreases close to EIA crests AN also increases since
the ratio AN/N remains constant along the magnetic field
lines that have a high latitudinal conductivity. Figure 7
shows the Ss index along the GNSS satellite tracks
projected to the ground for November 15, 2022,

considering receivers from GNSS NavAer scintillation

monitors (Monico et al., 2022). The sites used were Porto

Alegre, Presidente Prudente, Sdo José dos Campos,
Inconfidentes and Fortaleza, details about those stations
can be found in de Paula et al. (2023). So Ss+ amplitude
increases from magnetic equator where normally they
are not larger than about 0.30 to the crest of the EIA

where S4 can reach much large amplitude as 1.40.

Figure 8 also shows the latitudinal S4 variation
from January to March 2000 for 3 sites and for 4
scintillation levels. Sao José dos Campos is close to the
south EIA crest, Cuiab4 is located between Sdo José dos
Campos and Sdo Luis and S&o Luis is closer to the
magnetic equator.

There are few works about the longitudinal effects
over the plasma irregularities at South America. In this
longitudinal sector the magnetic declination decreases
from east to west. Abdu et al (1998) showed that the

spread F (SF — generic term to express ionospheric

spread of F layer that occurs during the presence of
plasma irregularities) measured by Digisonde was much
larger at Cachoeira Paulista (45° W, 22.5° S, -28¢ dip)
when compared to Tucuméan (64°W, 27°S, -26° dip), even
though these 2 sites have almost the same magnetic
latitude. It is worth to mention that the Tucuman
magnetic declination was about 3° W while it was 21° W
at Cachoeira Paulista for the epoch the data were
analyzed. The alignment between the magnetic field
lines and the terminator line (day-night) and also the
vertical plasma drift at the magnetic equator are
important factors that determines the seasonality and
the occurrence or not of the irregularities at a specific
site. Figure 9 presents the SF behavior at Cachoeira

Paulista and Tucuman.

Braz. J. Geophysics, 40, Suppl. 1, 2022
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Figure 5: S4 data from the low-latitude GNSS receiver at Cachoeira Paulista and F10.7 cm solar flux (white

continuous curve) from 1998 to 2014 (source: de Paula et al., 2021a).
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Figure 7: Ssamplitude along the GNSS satellites for November 15, 2022. Source: the authors.

The magnetic storms have substantial effects over
the scintillation. If there is prompt penetration of
eastward electric field (PPEF) from magnetosphere into
equatorial region during the prereversal hours, the
upward plasma drift is intensified (de Paula et al., 2019)

and plasma irregularities can be generated even during

no scintillation season. Figure 10 presents one example
of scintillation triggering during the 10-12 April 2001
strong magnetic storm, when no strong scintillation was
expected. Observe that the scintillation was observed
only during the night 11/12 at all satellites shown in
Figure 9, when the magnetic index Dst reached around -
260 nT, which is considered a strong magnetic storm.
During the storm main phase, the high latitude
region becomes heated by the auroral intensified
(Joule effect) and

precipitations generating a storm time neutral wind

currents energetic  particle
blowing initially to the equator direction that generates
the disturbance dynamo electric field (DDEF). This
electric field is westward during daytime and
prereversal hours and inhibits the prereversion plasma
drift peak and consequently the generation of plasma
irregularities. It takes some hours after the storm main
phase for this process to set up one westward electric

field at the magnetic equator. Figure 11 shows one

example of scintillation inhibition at 8 GNSS satellites
during the super strong storm night 20/21 November
2003.

The alignment between the GNSS signal and the
magnetic field lines, when the signals are more likely to
propagate a longer distance in the turbulent medium
created by the bubbles, gives origin to interruptions due
to the loss of phase lock (Moraes et al., 2018b), since there

are large amplitude fades (canonical) and increased

phase scintillations (Sousantos et al., 2022). Figure 12

presents the amplitude scintillation events plotted at the
respective IPP (ionospheric piercing point) projections
(left panel), the statistical S4 distribution as function of
elevation (middle panel) and the statistics of Ss as a
function of azimuth (right panel) for the periods of 15-30
November 2014 and 04-18 February 2015 for Sao José
dos Campos (23.2° S, 45.9° W, dip latitude: 19.2° S). In
the Brazilian region the magnetic declination is around
21° west, so the bubbles generated at the magnetic
equator propagates from this direction (NW). According
to Figure 12 the most severe scintillations are from
satellite tracks aligned with NW magnetic direction,
with elevation of about 20° and azimuth between 315 °
and 360 ° and the signals from these satellites are prone

to have larger losses of lock.

Braz. J. Geophysics, 40, Suppl. 1, 2022
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the effect of a strong magnetic storm. In the upper panel it is plotted the Dst index (source: the authors).

STORM INHIBITED SCINTILLATION

= 19 Nov 2003 20 Nov 2003 21 Nov 2003 22 Nov 2003
E-zog | g |
400
a SEWL, u}t“ 1 PRN: 7
o - i
10 PRN: 8
oot i L . el
1.0 ‘ M PRN: 10
@ gg \ _ . . T L [P .
9 ;g PRN: 13
E M . - "
3 10 PRN: 26
@ o8y L L. IM
1.0 T PRN: 28
2(5) 1 } ; " { : } : Al —t . . . H -t : }
1.0, ] I -I_JM'] PRN: 29
gg \'J\*N i : : ", S i : b : ; : ‘ .
;g ] ] y PRN: 31
0:0 : . ; : L...H‘ . ‘ : ‘ L ‘ : . i : ; : :
0 5 1 15 20 0 5 10 15 20 0 5 10 415 20 0 5 10 15 20

Universal Time
Figure 11: Example of scintillation inhibition during the night of 20/21 November 2003 few hours after

the storm main phase. In the upper panel it is plotted the Dst index that reached almost -500 nT, which
is considered a super strong storm (source: the authors).

Braz. J. Geophysics, 40, Suppl. 1, 2022



150 IONOSPHERIC SCINTILLATION OVER BRAZIL

During strong solar flare events, concurrent
increases in the X-ray and EUV fluxes and solar radio
bursts (SRB) can be observed. The SRBs cover a large
range of frequencies including the L band, giving rise to
signal fades in the GNSS C/No and fluctuations in its
amplitude and phase (de Paula et al., 2022). The fades
have larger amplitudes in the equator and decrease
when latitude increases. The X-ray and the EUV
intensified fluxes cause a sudden increase in the TEC.

Gaps in the Digisonde signal can be observed due to
increased D layer density caused by the short X-ray
radiation intensification. All these effects are observed at
receivers during sunlit hours and, even though they stay
living for a short time, if they are strong, they also cause
positioning errors in systems using the RTKlib. One
example of GNSS fades during the X9.3 solar flare event
that occurred on September 06, 2007, for the sites FRTZ
(Fortaleza, 03.72°S, 38.54°W, dip latitude 09.43°S),
INCO (Inconfidentes, 22.32°S, 46.33°W, dip latitude
20.33°S) and SJCU (Sdo José dos Campos, 23.18°S,
45.89°W, dip latitude 21.22°S) is presented in Figure 13.

Augmentation systems were developed to comply
with the FAA (Federal Aviation Administration) and
ICAO (International Civil Awviation Organization)
critical requirements for navigation and mainly for
precision approach. These systems provide corrections
and integrity for the GN'SS measurements. One of these
systems is the SBAS (Space- Based Augmentation
System) where a network of ground reference GPS
stations measures, among other corrections, the
ionospheric corrections that are stored in a grid. Such
corrections are transmitted to geostationary satellites
that broadcast them to the GPS single frequency users.
The other system is the GBAS (Ground Based
Augmentation System) that is installed at airports that
estimates code-pseudorange corrections based on
multiple receiver on the ground (typically four) within
the airport area and broadcast them to the aircrafts in
the final phase of landing. The GBAS uses only the L1
band in the aircraft. These two systems have been
successfully operational for the last decades at medium
and high latitudes but they are vulnerable during the
incidence of scintillations and strong ionospheric
density gradients at low and equatorial regions, as
reported in Lee et al. (2015), Yoon et al. (2020) and
Affonso et al. (2022). DECEA (Department of Airspace
Control) bought the GBAS station SLS-4000 from

Honeywell in order to study its operational viability for

Brazil and it was installed at Galeao airport, Rio de

Janeiro. The equipment presented low performance in

Braz. J. Geophysics, 40, Suppl.1, 2022

terms of availability during the scintillation events.
Figure 14 shows the vertical accuracy for November 13,
2011 measured by a GPS receiver (magenta line) and
by the GBAS station SLS-4000 (green dots) with its
integrity monitors off. It is noticeable in Figure 14 that
the vertical accuracy of GBAS has a degradation of its
value in the hours between 23:00 and 1:00 UT. This
period coincides with the time of occurrence of EPBs
and consequently scintillation and strong spatio-
temporal gradients of the TEC.

Even though threat models were developed to
mitigate this problem in Brazil many operation
restrictions imposed by this threat model limited the
GBAS secure operations during some time windows and
to restricted regional areas. These limitations of GBAS
for the Brazilian regions are currently the subject of
research by government institutions and universities.

Another ionospheric scintillation characteristic is
that its behavior is different for different frequencies.
Smaller scale size irregularities measured at L1 frequency
(1.575 GHz) decay faster than larger scale size measured
at UHF frequency (240 MHz). Figure 15 shows this
behavior, where L1 scintillation (upper panel) disappears
at 23:50 UT while scintillations are still observed from
UHF (lower panel) from 24:30 to 25:00 UT. These data are
from Ascension Island for March 27, 2000.
the bubbles are

generated at the magnetic equator in the F region base

As previously mentioned,

and while uplifting they map to larger latitudes. After
this growing phase, the bubbles move eastward with the
ambient plasma and they decay after few hours due to
recombination. During magnetic storms this eastward
velocity normally turns to west. Using spaced GNSS or
VHF receivers and the cross-correlation methodology, it
is possible to calculate the zonal bubble drift, which is an
important parameter to predict scintillation at sites
located more to east, but it is a short-term prediction.
Figure 16 presents the plasma irregularity zonal drift
using spaced GPS receivers at Cachoeira Paulista for
December 1998, and January and February 1999. It can
be observed that this velocity is about 150 m/s at around

20:00 LT and it decreases as time passes by.

SCINTILLATION MITIGATION
METHODOLOGIES

The use of GNSS technology for air navigation
procedures has been a concern in low latitude regions
due to the ionosphere, as analyzed for example in
Rodrigues et al. (2022). Because of this and many other
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Figure 12: (a) The spatial distribution of amplitude scintillation events plotted at the respective IPP values for
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Figure 13: GPS C/No signal for L1, L2C and L5 GPS frequencies during 06 September 2017 for the sites FRTZ,
INCO and SJCU. The vertical red line is the time of the solar flare maximum (source: de Paula et al., 2022).

applications, the necessity to mitigate ionospheric
scintillation impacts on the GNSS positioning is a
priority. Radio signals propagating through EPBs suffer
C/No degradation due to scintillation. Such an effect
results in noisier pseudorange and carrier phase

measurements, degrading positioning performance. In

addition, availability problems can be caused by cycle
slips and loss of lock in the receiver loops and these
effects on simultaneously multiple links may even
compromise navigation. Figure 17 shows a pictorial
representation of an example application where GNSS

channels from an aircraft are affected by scintillation.
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In the upper right panel plot we can see the total number
of GPS satellites being tracked and also the number of
channels affected by scintillation during the night. In the
lower panel we can see the positioning degradation in
periods where the signals are affected by EPBs. This is one
hypothetical example, but many other applications such as
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Figure 15: Simultaneous UHF (240 MHz) (upper panel) and L1 (1.575 GHz) (lower panel) from
Ascension Island for March 27, 2000 (source: the authors).

precision agriculture demand a more accurate positioning
service. In many cases, as in this picture, for improving
accuracy, it is common to use the concept of differential
GPS, known in aviation as augmentation systems, which
is an approach that broadcasts corrections to the users that
have this demand. This context motivates research into
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Figure 16: Plasma irregularity zonal drift using spaced GPS receivers at Cachoeira Paulista for December
1998, and January and February 1999 (source: de Paula et al., 2002).

techniques and methods to mitigate the effects of
scintillation for GNSS users affected by EPBs.

One good contribution for improving the GNSS
receiver capability for tracking signals even during the
occurrence of scintillation was developed in the context
of the projects CIGALA and CALIBRA. In these projects,
some developments were carried out in order to try to
improve the tracking capability of the receivers, as well
as the mitigation strategy to reduce the effects of the
scintillation. CIGALA and CALIBRA confirmed the
vulnerability of GNSS high accuracy techniques to
ionospheric disturbances, thorough a user performance
review, where degradation in GNSS Precise Point
Positioning (PPP) and Real Time Kinematic (RTK)
positioning was seen to correlate with the occurrence of
ionospheric scintillation and high TEC variability. This
is especially so in Brazil due to its geographical location,
extending across the magnetic equator, in one of the most
troublesome ionospheric regions of the Earth, qualifying
the country as a test-bed for worst case scenarios.

Concerning the mitigation, Aquino et al. (2009),

using suitable receiver tracking models sensitive to
ionospheric scintillation, that allow the computation of
the variance of the output error of the receiver PLL
(Phase Locked Loop) and DLL (Delay Locked Loop),

expressing the quality of the range measurements used

by the receiver to calculate user position, proposed a
strategy using the Conker model (Conker, 2003) to
obtain the covariance matrix of the observables. S4+ and
sigmaPhi where the main parameters to be used in the
stochastic model, for pseudorange and carrier phase,
respectively. The results after applying such strategy
showed improvement of the results of the order
between 17 and 38% in height accuracy for an epoch-
by-epoch differential solution over baselines ranging
from 1 to 750 km.

More recently, in the context of the GNSS NavAer
project (Monico et al., 2022), a new approach for

ionospheric mitigation was proposed, based not only on
the stochastic model, but also on the functional mode
and a strategy to attenuate the effects of losses of lock
and consequent ambiguity reinitializations that are
caused by the need to reinitialize the tracking (Vani et
al., 2019). An experiment using a 30-day static dataset
affected by different levels of scintillation in the
Brazilian southeastern region was used for testing the
approach. Even with limitations imposed by data gaps,
the results demonstrate improvements of up to 80% in
the positioning accuracy. For the best cases, the
approach can completely reduce the effects of
ionosphere scintillation and recover the original PPP

accuracy without any scintillation.
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Figure 17: Pictorial example of an aircraft being affected by scintillation causing degradation in positioning
accuracy (source: the authors).

Monico et al. (2017) proposed another approach, CONUS, but using GNSS data from Brazil
simpler than these ones. It was used just a data set that during the peak of solar cycle 23;
had S4 larger than 0.9. The information from Ss was 2-  Pereira (2018) also computed ionospheric
added in the RTC Message for real time experiment. gradients over the Brazilian territory aiming
Only GPS and GLONASS satellites were available in the at generating an independent ionospheric
experiment. For one of the experiments, only few epochs threat model to support GBAS in Brazil. Since
with Sy larger than 0.9 were available, while in the the values found for ionosphere gradients far
second, several values were available, mainly for exceeded the limits used in CONUS, for any
GLONASS satellites. In the first experiment, elevation value of the satellites, its use in the
considering the best solution, only in 6 epochs, out of approach of the Position Domain Geometry
17288, the ambiguities could not be fixed. In the second Screening (Lee et al., 2011) would severely
one, when scintillation was stronger, it was 4834 epochs decrease the system’s availability, as
out of 13283 in the RTK solution. The carrier phase demonstrated by Yoon et al. (2016). The largest
residuals were in the level of at maximum 0,5 cycle for gradients were obtained during the autumn,
the experiment #1, and more than one cycle for the other. spring, and summer, for the period from 22:00
For GBAS mitigation: to 5:00 TU and for the regions of geomagnetic
1- The ionospheric threat model for Brazil to latitudes between 10° and 20° and between -
support GBAS was developed by an interagency 40° and -10°, as well as longitudes between -
team effort with contributions from Mirus 60° and -35°. On the other hand, during the
Technology (an American company) funded by winter period, and excluding satellites with
USTDA, the FAA, the DECEA, Stanford elevations between 10° and 30°, the gradients
University, Boston College, Kaist, ICEA, and were below the CONUS threat model limits;
INPE (Lee et al., 2017; Yoon et al., 2017). This 3- A new GBAS methodology with Multi-
concept of the model was similar to the standard Constellations (MC Multi- (MF) was recently
ionospheric threat model used initially in proposed according to Caamano et al. (2016);
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4- In Marini-Pereira et al. (2022), it was proposed a

strategy to enhance the performance of GBAS
under low-latitude ionospheric environments.
This method consisted of a detection and warning
system based on a cluster of ground ionospheric
monitoring stations around the GBAS facility
area (typically within a radius of 10 km). This
system was designed to work in real-time,
detecting and alerting scenarios where
availability and integrity threats have the
potential to happen. The system monitoring
criterion is based on time-step gradients in the
ionospheric delay, which are used as a test
statistic together with data gap analysis.
Experimental results showed that the method is

quite effective in detecting threatening gradients.

CONCLUSIONS

This

work revisits the characteristics of plasma

irregularities that cause scintillation in the GNSS and
then describes their effects on the GNSS signals and
positioning systems, as well as over the augmentation
systems like the SBAS and GBAS. Methodologies to
mitigate these effects are also presented. The main
highlights are:

the plasma irregularities that cause
scintillation in the GNSS signal present a large
day-to-day variability (Abdu, 2019) and the
most common indexes to study scintillation are
the Ss and the oy representing the amplitude

and phase scintillations respectively;

to better characterize the amplitude
scintillation severity, it is recommended to
calculate the decorrelation time parameter To

besides analyzing the Ssindex;

loss of lock, GDOP increase and decrease of
number of available satellites are critical
situations caused by strong scintillation that can

deteriorate or even hinder the GNSS operation;

the new civil signals L2C and L5 are more
susceptible to the effects of the ionospheric

scintillation in low latitudes;

the scintillation occurrence at low latitude
initiates around 19:30 LT and lasts up to 01:30
LT during high solar activity and this time
interval decreases during low solar activity.
The scintillation intensity and percentage of

occurrence are higher for higher solar flux;

bubbles at Brazilian low latitude start in
September and extend up to March/April,
having maximum occurrence during summer
solstice (November —January). The alignment
between the magnetic field lines and the
terminator line (day-night), besides the vertical
plasma drift at the magnetic equator (Fejer et
al., 1999), is an important factor that
determines the seasonality and the occurrence
or not of the irregularities at determined site;

Ss+ amplitude depends of the ionospheric
background ionization and due to the EIA it
increases from magnetic equator (S4 < 0.30) to
the EIA crest, where S4 can reach amplitude as

large as 1.40;

the SF (Spread F) occurrence is much larger at
Cachoeira Paulista (magnetic declination 21°
W) than at Tucuman (magnetic declination 3 °)
in the north of Argentina. Tucuman is
westward of Cachoeira Paulista but even
having almost the same dip Ilatitude of
Cachoeira Paulista it presents much less
scintillation occurrence, showing a large

longitudinal effect;

the magnetic storms have substantial effects
over the scintillation. If there is prompt
penetration of equatorial eastward electric field
(PPEF) from magnetosphere into equatorial
region during the prereversal hours, the
upward drift is intensified and plasma
irregularities can be generated even during no
scintillation season. On the other hand, the
DDEF, that is generated due to the disturbed
thermospheric wind caused by storm heating at
auroral regions, is westward during daytime
and prereversal hours. This DDEF inhibits the
prereversal plasma drift peak and consequently
the generation of plasma irregularities. It takes
some hours after the storm main phase for this
process to set up one westward electric field at

the magnetic equator;

the alignment between the GNSS signal and
the magnetic field lines, when the signals are
more likely to propagate a longer distance in the
turbulent medium created by the bubbles, gives
origin to interruptions due to the loss of phase
lock, since there are large amplitude fades

(canonical) and increased phase scintillations;
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e during strong solar flare events, concurrent
increases in the X-ray and EUV fluxes and SRB
can be observed. The SRBs cover a large range of
frequencies including the L band, giving rise to
signal fades in the GNSS C/No and fluctuations
in its amplitude and phase that can cause
positioning errors in systems using the RTKIlib;

e the augmentation systems SBAS and GBAS
have been successfully operational for the last
decades at medium and high latitudes but they
fail during the incidence of scintillations and
large ionospheric density gradients at low and
equatorial regions;

e the
different for different frequencies. For instance,

ionospheric scintillation behavior 1is
smaller scale size irregularities in the L1
frequency (1.575 GHz) decay faster than larger
scale size scintillations in the UHF frequency of
240 MHz;

e the ionospheric bubbles, after the growing
phase, normally drift to east with an
approximate velocity of 150 m/s around 20 LT
and this velocity decays along the night up to
the bubble extinction few hours later due to
collisions. During a magnetic storm, this

eastward velocity normally turns to west;

e good contributions for improving the GNSS
receiver capability for tracking signals even
during the occurrence of scintillation were
developed in the context of the projects CIGALA
and CALIBRA;

e  new approaches for ionospheric mitigation were
successfully proposed, based not only on the
stochastic model, but also on the functional
mode and a strategy to attenuate the effects of
losses of lock and consequent ambiguity
reinitializations that are caused by the need to
reinitialize the tracking;

o for GBAS mitigation, ionospheric threat models
for Brazil were developed; however, due to
many restrictions imposed by these models, the
GBAS was not implemented by DECEA.
Additionally, new GBAS methodologies based
on MC and MF were recently proposed and are

in the development phase.
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