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Abstract:

The ionosphere may not only degrade the accuracy of the GNSS positioning but also reduce its availability because
there is a high dependence between signal losses and ionospheric irregularities. Irregularities in the Earth’s ionosphere
may produce rapid fluctuations in phase and amplitude. These rapid fluctuations are called ionospheric scintillation.
Thus, loss of signal can occur due to the effects of diffraction and refraction, which cause a weakening in the signal
received by the GNSS receivers. In this way, this paper aims to evaluate the magnitude of ionospheric scintillation in
Brazil and the performance of the positioning under its influence in the period of high solar activity in the current
cycle (24), through the Spearman correlation analysis and the Wavelet periodogram. For that, three-year time series
(2012 to 2014) of the S4 index and 3D MSE (Mean Squared Error) of three Brazilian stations with different ionospheric
conditions were considered, PALM (near the Geomagnetic Equator) PRU2 (Equatorial region and Anomalies) and POAL
(Mid-latitude region). Thus, it was possible to evaluate the correlation between the accuracy of the precise point
positioning using only the C/A code of the GPS satellite and the S4 index. As a result, there was a correlation of 53% and
51%, using the Spearman method, for the PALM and PRU2 series, respectively. In addition, considering the analysis of
space-frequency in relation to time by the Wavelet coherence method, a correlation of more than 70% is noted in the
period of greatest 3D MSE concerning the spring and autumn equinox months.

Keywords: lonospheric Effects; Correlation; Wavelet Coherence; S4 Index.

How to cite this article: CALDEIRA, M. C. O.; CALDEIRA, C. R. T.; CEREJA S. S. A.; ALVES, D. B. M.; AGUIAR, C. R. Evaluation of the
GNSS positioning performance under influence of the ionospheric scintillation. Bulletin of Geodetic Sciences. 26(3): e2020014,
2020.

This content is licensed under a Creative Commons Attribution 4.0 International License.


http://orcid.org/0000-0002-2427-9363
http://orcid.org/0000-0001-7102-7735
http://orcid.org/0000-0003-4721-8464
http://orcid.org/0000-0002-9033-8499
http://orcid.org/0000-0002-6402-4234
mailto:mayara.caldeira%40ufra.com.br?subject=
mailto:carlos.caldeira%40ufra.edu.br?subject=
mailto:samarasunny%40yahoo.com.br?subject=
mailto:daniele.barroca%40unesp.br?subject=
mailto:rodrigues.aguiar%40gmail.com?subject=

Evaluation of the gnss positioning performance under influence of the ionospheric scintillation 2

1. Introduction

Nowadays, space technologies have been widely employed, among them one of the main and most modern
ones is the GNSS (Global Navigation Satellite System). Among the various positioning systems that integrate the
GNSS, the one that still stands out the most is the North American GPS (Global Positioning System), although the
Russian constellation, GLONASS (Global Orbiting Navigation Satellite System), is already complete. The European
(Galileo) and Chinese (Beidou) systems, have been launching satellites to make the system operational (Monico,
2008; Montenbruck et al., 2017).

However, the data transmitted by the GNSS systems are subject to error, either due to the satellites themselves
that compose the constellations, as well as the signal propagation, receiver and the station. Most of these errors can
be eliminated, reduced, or modeled. This depends a lot on the positioning method used and on desired accuracy
(Monico, 2008; Seeber, 2003). The ionosphere became the main source of systematic error in GNSS positioning
for single frequency receivers, after the deactivation of the SA (Selective Availability) technique on May 2, 2000
(Monico, 2008; Matsuoka, 2007; Seeber, 2003).

The magnitude of the error due to the ionospheric effect on the GNSS signals depends directly on the Total
Electron Content (TEC) present along the path traveled by the signal, which in turn is related to the ionization
process in the ionosphere, and inversely proportional to the squared signal frequency (Matsuoka, 2007; Camargo,
1999; Pereira and Camargo, 2017). TEC and, consequently, the ionospheric error vary in time and space, and are
subject to several influences (Davies, 1990). Besides, the ionosphere can not only degrade the accuracy of GNSS
positioning but also reduce its availability, as there is a high dependence between signal losses and ionospheric
irregularities (Kintner et al., 2007).

Irregularities in the Earth’s ionosphere may produce short-period variations in signals, caused by rapid
fluctuations in phase and amplitude, due to the effects of diffraction and refraction, that cause a weakening in
the signal received by the GNSS receivers (Conker et al., 2003; Vani et., 2019). These rapid fluctuations are called
ionospheric scintillation (De Paula et al., 2008; Conker et al., 2003; Kintner et al., 2007; Abdu et al, 2014).

Studies conducted by Muella et al. (2013) and Jiao and Morton (2015), indicate that in equatorial/low latitudes
the occurrence of scintillation is predominant during the months of the equinox and is mainly a phenomenon after
sunset. Strong scintillation is capable of leading to loss of tracking and satellite signal degradation, especially for the
phase (Sreeja et al., 2012), which is crucial for professional applications of high precision in real time. In Brazil, for
example, more than 90% of precision agriculture is severely affected, especially after solar sunset (Pereira et al., 2018).

Another important aspect is that during the maximum solar activity and for satellites near the horizon, the
error can be greater than 100 m, due to the reduction in the modulation speed emitted by the GPS satellites (Leick,
1995). In Salomoni et al. (2009) and Souza, Alves and Vani (2015), the results show the difference in the error
obtained in the positioning in periods of high solar activity and low solar activity, where it is possible to see the
influence of the solar cycle on the quality of the data obtained in the positioning. According to studies carried out
by Skone, Knudsen and De Jong (2001) in periods of high solar activity, the L2 signal is strongly affected due to
ionospheric scintillation, and its data is corrupted by up to 40%.

Analyzing the data during the peak period of solar cycle 23, Skone and Shrestha (2002) reported that the
degradation in the horizontal and vertical positioning close to the equatorial anomaly led to errors of 25-30 m for the
DGPS (Differential GPS) positioning during the equinoctial months for Brazilian regions. Dal Poz, Camargo and Aguiar
(2008), report that in the period of maximum solar activity, the planimetric and altimetric discrepancies reached 25m
in the long baseline relative positioning. From an investigation with Odds Ratio and Fisher’s exact tests, Alves, Souza
and Gouveia (2020) found that the chance of large discrepancies in the 3D positioning coordinates can be three times
greater under strong scintillation effects than under moderates, in the period of maximum solar activity of cycle 24.
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The high ionospheric activity intensifies the effect of the electrojet on the geomagnetic equator, increasing the
magnitude of the Equatorial lonization Anomaly (EIA), as well as amplifying the ionospheric irregularities (Davies,
1990; Aguiar, 2010; Mendonga, 2013; Ram, Su and Liu, 2009, Muella et al., 2013). The effects are more severe in
the equatorial/low latitudes, where the occurrence of scintillation is associated with the ridges of the EIA, delimited
by 15° to the north and south of the geomagnetic equator (Basu et al., 2002). Brazil has a large part of its territory
located in the equatorial and low latitudes regions, strongly affected by this effect and by the Equatorial Plasma
Bubbles (EPB — Barros et al., 2018) (Moraes et al., 2018).

The effects of ionospheric scintillation on positioning have been reported over decades in the literature,
such as Groves et al. (2000), Dubey et al. (2006), Aquino et al. (2009), Park et al. (2017), Moreno et al. (2011), Luo
et al. (2018), Marques et al. (2018), Veettil et al. (2020), among others, point out that GNSS positioning errors can
increase significantly in magnitude under conditions of intense scintillation. However, in this literature, in general,
punctual intervals of data are analyzed, daily to monthly, emphasizing, mainly on the daily impact, i. e., they do not
show the behavior in an annual time series or of a long period of data.

In this way, this research evaluates the magnitude of the ionospheric amplitude scintillation in Brazil and
the positioning performance under its influence, contemplating three years of data in the period of high solar
activity of cycle 24. For this, the Precise Point Positioning (PPP) was performed using only the C/A code over the
years from 2012 to 2014. The investigation of the correlation between the accuracy of the PPP and the occurrence
of ionospheric scintillation was based on the statistics of the Mean Squared Error (MSE) of the positioning and
magnitude of the values of the S4 index observed in the PALM (close to the Geomagnetic Equator), PRU2 (low
latitudes region and EIA) and POAL (Mid-latitudes region) stations belonging to the CIGALA (Concept for lonospheric
Scintillation Mitigation for Professional GNSS in Latin America) and the CALIBRA project (Countering GNSS high
Accuracy applications Limitations due to lonospheric disturbances in Brazil).

Furthermore, in order to analyze the seasonal variation as verified by Muella et al. (2013), Skone and
Shrestha (2002), Ji et al. (2013), in this research was used the technique of the periodogram of the Wavelet
coherence, since it relates space-frequency to time. It is worth mentioning that, although this technique is
applied in several researches to the study of the correlation of scintillation (Fernandez, Meza and Van Zele, 2013;
Ahmed et al., 2015; Brassarote, Souza and Monico, 2018), it is usually adopted for daily analysis or short intervals
of time. Thus, the proposal is to validate this methodology using a times series of three years corresponding to
the maximum solar activity, as the effects in this period are enhanced.

2. lonosphere and its effects on positioning

The solar radiation causes the photoionization of the Earth’s atmosphere at high altitudes, creating, in
the upper atmosphere, regions with a high density of free electrons. This region is the ionosphere layer, which
lies approximately between 50 and 1000 above the Earth’s physical surface (Davies,1990; McNamara,1991). The
ionosphere affects the propagation of radio waves, such as those transmitted by GNSS satellites.

The ionosphere behaves as a dispersive medium for the GNSS frequency bands, affects the modulation and
the carrier phase, causing them to experience, respectively, a delay and an advance. The magnitude of the error due
to the ionosphere on the GNSS signals depends directly on the TEC present along the path traveled by the signal
(Monico, 2008). Thus, TEC is the main descriptor parameter of the ionospheric effect on GNSS signals, however, it
varies in time and space.

Temporal variations, such as diurnal variations (due to solar radiation related to Local Time), seasonal
variations (due to alteration of the solar zenith angle, as well as the intensity of the ionization flux, being that in the
southern hemisphere, the ionospheric effects are higher in the months of equinox and in the months of solstices are
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smaller) and cycles of long periods, directly influence the variation of electron density in the ionosphere (McNamara,
1991; Monico, 2008; Matsuoka, 2007). Regarding variations in long-term cycles lasting approximately 11 years, the
occurrence of sunspots is associated, and the increase in ionization is proportional to the number of spots (Figure 1).

Source: NASA, 2019.

Figure 1: Number of sunspots in Cycle 24

Currently (2020), the Sun is at the end of the so-called “Cycle 24”, and the period of maximum solar activity
was between the years 2013 and 2014, which caused an increase in the number of sunspots, and consequently, in
the number of electrons in the ionosphere. Figure 2 shows the occurrences from the years 2012 to 2014, highlighting
the two peaks of greater magnitude in the months of the equinox.

Figure 2: Occurrence of sunspots from 2012 to 2014 (Monthly average)

In addition, there is a strong influence of solar events on Earth, such as Coronal Mass Ejections and Solar
Flares, because depending on the intensity and magnitude of these events, it causes the Earth to be constantly
“bombarded” by hot, magnetized and supersonic plasma, with a considerable amount of kinetic and electrical

energy and capacity to conduct current (Ruviaro, Matsuoka and Camargo, 2012; Fedrizzi, 2003). The effect
Boletim de Ciéncias Geodésicas, 26(3): 2020014, 2020
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caused by this bombardment is the change of the characteristics of the normal magnetic field (McNamara, 1991;
Moldwin, 2008; Kelley, 2006).

The global structure of the ionosphere is not homogeneous. It changes with latitude, due to the variation of
the solar zenith angle, which directly influences the level of solar radiation, and consequently changes the density
of electron. Figure 3 shows the location of the three largest geographic regions of the ionosphere: Equatorial,
Mid-latitudes and Polar. Equatorial regions delimited approximately by geomagnetic latitudes 20°S and 20°N are
characterized by a high level of electron density. On the other hand, the regions of midium latitudes, delimited
between the latitude of +20° to +60°, are considered relatively free of ionospheric anomalies, while the polar
regions, delimited between the latitude of +60° to +90°, are not very predictable (Webster, 1993).

Source: Ram, Su and Liu (2009)

Figure 3: Geographical Regions of the lonosphere

Due to the high solar radiation in the equatorial region and the Earth’s magnetic and eletric fields, the density
of electrons in the ionosphere in this region suffers irregularities (Mc Namara, 1991; Oliveira, 2003). After the rise
of the plasma to high altitudes in the equatorial region, the plasma begins a downward movement along the lines
of the geomagnetic field, due to the action of gravity and pressure-gradient force. This phenomenon of plasma
elevation in the equatorial region and subsequent descent along magnetic field lines to low latitudes is known as
the Fountain Effect (Rishbeth e Garriott, 1969; Ram, Su and Liu, 2009; Luo et al., 2018).

A consequence of the combination of these movements, leads to an increase in ionization in regions close to +
15 ° of magnetic latitude, being that in the geomagnetic equator it is less intense (Basu et al., 2002, Moraes et al., 2018).
Such enhancements are commonly referred to as the northern and southern crest of the Equatorial lonization Anomaly
(EIA), respectively (Cesaroni et al., 2015; Moreno et al., 2011). Rayleigh-Taylor instability, caused by the formation of
ridges, allows the formation of low ionization spots, known as lonospheric Plasma Bubbles (IPBs) or Equatorial Plasma
Bubbles (EPB), whenn some force, for example, gravity waves are present (Barros et al, 2018; Abdu et al., 2013), that
are huge regions of space where the density of ionospheric plasma is drastically reduced (Webster, 1993).

Irregularities in the Earth’s ionosphere may produce short-period variations in signals, caused by rapid
fluctuations in phase and amplitude, due to the effects of diffraction and refraction (Matsuoka, 2007; Conker et al.,
2003; Davies, 1990).
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These rapid fluctuations are called ionospheric scintillation and, normally, the irregularities that cause
scintillation are located between 200 and 600 km of altitude (peak altitude of region F) (De Paula et al., 2008; Conker
et al., 2003; Abdu at al. 2013). The scintillation can cause degradation in GNSS measurements and, in the worst
case, can lead to a loss of blocking signal to the satellite, affecting service and availability and potentially leading
to interruptions that can last from minutes to hours (Vani et., 2019). According to Davies (1990), a radio signal that
crosses the ionosphere will be modified by irregularities ranging in size from a few meters to kilometers, which can
become a severe problem to the point of making the tracking signal unfeasible.

Irregularities in small scale embedded in IPBs and EPBs are the main sources for the phenomenon of
scintillation in low latitude (De Paula et al., 2008, Cesaroni et al., 2015). Since the last few decades, several studies
have reported that equatorial scintillations are mainly evening events, occurring in particular during after sunset
(Sahai, Fagundes and Bitencourt, 2000; Cesaroni et al., 2015; Muella et al., 2013). Considering the morphology of
the Earth’s magnetic field, the geographic regions where scintillations are most likely to occur are the polar and
equatorial areas, exacerbating in the low latitude regions (Kintner et al., 2007).

Estimations of ionospheric scintillation can be defined in terms of the spectral density of the signal power
(Power Spectral Density - PSD) (Conker et al., 2003). Specific indices can also be produced, which denote factors of
intensity of ionospheric scintillation. Two indices are more prominent in the literature: the S4 index, for amplitude
scintillations, and the Sigma-¢ (o¢) index, for phase scintillations.

The index adopted for analysis was amplitude, the S4. This index is adimensional and some thresholds for
its values can be found in the literature. Conker et al. (2003) define that a value of O indicates the absence of
scintillation, while a value of 1 indicates severe scintillation. Tiwari et al. (2011) presents three levels of classification
for the index mentioned, Strong Scintillation: S4 > 1; Moderate Scintillation: 0.5 < S4 < 1; Weak Scintillation: S4 < 0.5.

During the scintillation events, L1 tracking performance is less affected than L2 tracking. The signal loss in L2
strongly affects applications where dual frequency observations are required. However, according to the results of
the kinematic PPP of the Marques, Monico and Marques (2016) using L2C codes instead of P2 codes show precision
improvement of up to 33% in periods of weak or strong ionospheric scintillation, and an improvement in accuracy
up to 59% by combining the phase and the code collected under weak scintillation effects.

These applications depend, therefore, on the dispersive nature of the ionosphere, and consequently, it
becomes necessary to monitor ionospheric scintillations. However, the performance of the tracking of GNSS
receivers depends not only of the activity of ionospheric scintillation, but also on the capacity to track these
receivers (Skone, 2000; Conker et al., 2003).

In Brazil, the monitoring and generation os maps in real-time of ionospheris scintillation and TEC is performed
by INPE (National Institute for Space Research) through the SCINTEC system. A daily diagnosis of the ionosphere over
the Brazilian territory is carried out by INPE’s Brazilian Space Weather Study and Monitoring Program (EMBRACE).

Another initiative to study/model the effects of ionospheric scintillation on GNSS positioning is the project
called CIGALA/CALIBRA and the MImOSA project (Monitoring the lonosphere Over South America). These projects
aim to analyze the effects of scintillation, understand its causes and develop new techniques to be implemented in
GNSS receivers, which involve members from several institutions in Europe and Brazil, which includes FCT/Unesp.
Regarding the CIGALA/CALIBRA Project, the ISMR Query Tool was delevoped (Vani, Shimabukuro e Monico, 2017),
which allows queries and analyzes on these data.

Various research on ionospheric mitigation has been developed in the last years, such as: Pereira and Camargo
(2017), Alfonsi etal. (2017), Park et al. (2017), Muella et al. (2017), Vani et al. (2019), Veettil et al. (2020), Materassi
et al. (2020), among others.

Boletim de Ciéncias Geodésicas, 26(3): 2020014, 2020
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3. Materials and Methods

3.1 Dataset

For correlation analyzes, data from reference stations belonging to the CIGALA/CALIBRA Network were used:
PRU2, PALM and POAL (Figure 4). The first being located in a region that suffers a great influence of the ionospheric
scintillation, since it is located close to the geomagnetic latitude 22°S, region that suffers major ionospheric effects,
such as EPB and EIA. In what concerns the second (PALM), it is a station that is spatially related to the electron
elevation of the fountain effect, i.e., close to the geomagnetic equator, suffering less influence from the ionosphere.
The last station (POAL) is located in a region that is considered relatively free of ionospheric effect, the region of
medium latitudes.

In this way, in order to evaluate the impact of ionospheric scintillation on GNSS positioning, data from the
entire year of 2012 (high sunspots), 2013 and 2014 (peak of the solar cycle 24) for these stations were selected. In
total, 934 days of data for the PRU2 station, 782 days for PALM station and 660 days for POAL station. It is noted
that this difference is due to the non-availability of the Receiver Independent Exchange Format (RINEX) file of the
CIGALA/CALIBRA network and/or scintillation information on the ISMR Query Tool platform.

Source: Adapted from http://is-cigala-calibra.fct.unesp.br/is/stations/fixed.php
Figure 4: Location of the PRU2, PALM and POAL station CIGALA/CALIBRA Network

Thus, it was also possible to evaluate the influence of the peak on the positioning. It is necessary to emphasize
that the high ionospheric activity should intensify the effect of the electrojet on the geomagnetic equator, increasing
the magnitude of the equatorial anomaly, as well as amplifying the ionospheric irregularities, among them the

ionospheric scintillation.
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Therefore, S4 ionospheric scintillation rates higher than 0.5 were applied through a script that accesses the CIGALA/
CALIBRA project database using the ISMR Query Tool — Retrieval (Vani, Shimabukuro and Monico, 2017). The average
daily scintillation index of the GPS satellites was also used, consistent with the values provided by the ISMR Query Tool -
Calendar View of the study stations. Subsequently, a script was developed in Gnuplot to plot the S4 indexes.

3.2 Methodology

Regarding the positioning, the precise point positioning of the stations was performed for the same period,
whose data were automatically downloaded from the CIGALA/CALIBRA database through a script. Subsequently,
three scripts developedin PHP (Hypertext Preprocessor) were also used, firstone toremove L1, L2 and P2 observables
from GPS satellite RINEX files using TEQC toolkit (UNAVCO, 2014). Another script to process the datain the free online
service to post-process of the CRSR-PPP (Canadian Spatial Reference System) developed by the Natural Resources
Canada’s (NRCan) Geodetic Survey Division, in static mode using only the C/A code and final precise ephemeris.
Finally, one to read the file with the results (discrepancy and standard deviation) of the processing (.SUM), so that
from these it was possible to calculate the MSE (Mean Squared Error).

At first, visual analysis was performed associating the three-dimensional MSE series of the PPP with the
scintillation index S4. However, for statistical analysis, it was essential the manipulation of the scintillation data
extracted from the CIGALA/CALIBRA database, since it was necessary to relate only a single daily value concerning
scintillation and 3D MSE. In this way, the daily weighted average of the index was used, including only satellites
that had scintillation values greater than 0.5 (strong scintillation), where it was assigned to 0.5<54<0.7; 0.7<54<1;
S4>1, weights 1, 2 or 3, respectively. For the analysis and calculation of the correlation, the mathematical and
statistical software R was used, employing the method available in its correlation package, Spearman, due to the
asymmetry of the data.

Additionally, wavelet coherence color maps were analyzed, which is a technique based on the Continuous
Wavelet Transform (Fernandez, Meza and Van Zele, 2013; Ahmed et al., 2015; Brassarote, Souza and Monico, 2018)
and allows to detect similarities and correlations between two temporal quantities. In this way, it was possible to
analyze through this technique how the MSE and the scintillation index are correlated.

4. Results and Discussion

Figure 5 shows the average daily scintillation index for the year 2012-2014 for POAL (a), PALM (b) and PRU2
(c) stations, respectively. Note the influence of sunspots on the values of the scintillation index, with the values of
greater magnitude concerning the peak of solar cycle 24, i.e., in 2014. This effect can be noticed when comparing
the time series of the scintillation index of the three study stations presented.

Boletim de Ciéncias Geodésicas, 26(3): 2020014, 2020
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a b

Figure 5: Average daily Scintilation Index S4 of the POAL (a), PALM (b), PRU2 (c) stations

Concerning the POAL station (Figure 5a), although located in a region of medium latitudes, i.e, with a lower
ionospheric effect, in 2014 the average scintillation index increased by 6.4% compared to 2012. Likewise, the
average S4 index in 2014 of the PALM (Figure 5b) and PRU2 (Figure 5c) stations achieved an increase of 17.0 and
6.7%, respectively, in relation to the year of lower intensity of solar activity (2012).

However, the figures mentioned because it is the daily average of all satellites in the S4 index, these data
may mask some analyzes. Therefore, are represented in the Figures 6 to 8 the weighted average scintillation index
greater than 0.5 (S4>0.5), together with the daily results of the 3D MSE of PPP in the static mode from the years
2012 to 2014, from the POAL, PALM and PRU2 stations, respectively. In this way, it is possible to verify a possible
visual correlation between the two quantities, based on the analysis of the trend lines of the series.

Boletim de Ciéncias Geodésicas, 26(3): 2020014, 2020
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Figure 6: 3D MSE of Static PPP mode and average scintillation index S4 > 0.5 of POAL station

Figure 7: 3D MSE of Static PPP mode and average scintillation index S4 > 0.5 of PALM station

Figure 8: 3D MSE of Static PPP mode and average scintillation index S4 > 0.5 of PRU2 station

As can be observed in Figure 6 to 8, it is clear the influence of the seasonal variation of ionospheric scintillation
on positioning for the PALM and PRU2 stations, especially when the time series trend line is verified. When relating
the positioning error to the ionospheric scintillation S4 index, it is noted that in the period of intense ionospheric
irregularities, which goes from the spring equinox (September - November) to the autumn equinox (March and
April), these values are reduced around 3 times, obtaining an MSE around the meter or sub-meter.

However, this high graphical correlation does not match the numerical correlation obtained in the software

Boletim de Ciéncias Geodésicas, 26(3): 2020014, 2020
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R Spearman method, of 0.305 and 0.27, for PALM and PRU2 station, and a 0.16 decorrelation for POAL station.
Regarding the annual correlation of the PALM station, there is 0.36, 0.17 and 0.37 for 2012, 2013 and 2014
respectively. In the same way, it has 0.14, 0.08 and 0.27 for PRU2 station. Finally, there is a decorrelation of 0.21,
0.22 and 0.04, for POAL station. This low correlation presented, even employing the most appropriate method
due to the asymmetry of the data, shows that the function employed is sensitive to small variations in the values
concerning the 3D MSE and the S4 index, since mainly during the winter solstice period there are points out of the
trend. Thus, the correlation was evaluated after excluding these points (Table 1).

Table 1: Correlation between 3D MSE of PPP and the S4 index

Station 2012 Correlation 2013 Correlation 2014 Correlation Triennial Correlation
POAL -0.32 -0.34 0.05 -0.21
PALM 0.45 0.25 0.53 0.46
PRU2 0.29 0.15 0.51 0.31

Based on the correlations shown in Table 1, the 2012 and 2014 time series of the PALM and PRU?2 stations
were evaluated using the Wavelet coherence technique, since these presented the highest correlations. Figures 9
and 10 show the Wavelet coherence color maps of the 2012(a) and 2014(b) series for the PRU2 and PALM stations,
respectively, with the largest correlations being represented by warm colors, as the cold colors are concerning low
correlation. It is worth mentioning that the maximum correlation of the three series of the stations occurred at
the peak of solar activity in the cycle 24, 2014, where such fact directly influences the ionized particles, as well as
intensifies the ionospheric irregularities.

(a) (b)
Figure 9: Wavelet Coherence Color Map from 2012 (a) and 2014 (b) of the PRU2 station
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(a) (b)
Figure 10: Wavelet Coherence Color Map from 2012 (a) and 2014 (b) of the PALM station

Through the wavelet coherence color maps presented previously (Figures 9 and 10), patterns and/or
information hidden in the scintillation and positioning S4 index series, which could not be identified in the time
domain, can be explained in the space-frequency domain. Therefore, it is possible to investigate the effects of
ionospheric scintillation on positioning, i.e., to determine the correlation in the space-frequency domain. In this
way, the series is decomposed by levels of resolution, related to the 2j scales, being possible to characterize the
series in terms of the scale that concentrates the highest correlation.

Table 2 provides an interpretation of the frequency of decomposition in multiscale by wavelets (Chatfield, 2003;
Brassarote, 2014).

Table 2: Interpretation of the frequency of decomposition in multiresolution by wavelets

Resolution Level Frequency Resolution Daily Data
2-4 2 to 4 days
2 4-8 4 to 8 days
3 8-16 8 to 16 days
4 16— 32 16 to 32 days
5 32-64 32 to 64 days
6 64— 128 64 to 128 days

Source: Adapted from Brassarote (2014)
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Note that the 2012 time series of the PRU2 station (Figure 9 (a)) the peak of the autumn equinox shows a
correlation of approximately 90% on the resolution level scale 4 (frequency range 16 - 32), representing a periodicity
of approximately one month. As for the spring equinox, the correlation is approximately 60% on the resolution level
scale 4. Another important point is the seasonal influence of ionospheric scintillation on positioning, highlighted by
the high correlation on the resolution level scale 6 (2 to 4 months) in the autumn of 2012.

Based on Figure 9 (b) referring to the PRU2 station time series, it is noted that there is a high correlation
between the scintillation and mean error positioning series throughout 2014 on the resolution level scale 6
(periodicity from 2 to 4 months), in agreement with the numerical correlation of 0.51, shown in Table 1, mainly
related to the seasonal influence (whose seasons are associated with 3 months). Being that in the period of the
spring and autumn equinoxes, presenting a correlation of approximately 60 to 90%, respectively.

With regard to the last one, on the resolution level scale 5 (periodicity from 32 days to 2 months) the
correspondence between the series starts at the peak of the autumn equinox and extends to the beginning of
the winter solstice, varying between 70 to 80% of correlation, and the peak of spring is better correlated by the
periodicity 8 to 16 days, with approximately 60%.

Regarding the analysis of the effect of ionospheric scintillation on the positioning of the PALM station in 2012
(Figure 10 (a), it is noted that the correlation is maximum on the resolution level scale 4, reaching a correlation
close to 100%, where the equinox and solstice peaks are represented, with a periodicity of 1 month. In addition, the
autumn equinox on the resolution level scale 6 has a correlation of 70 to 80%.

Concerning Figure 10 (b) referring to the PALM season time series of 2014, it is noted that there is a high
correlation between the scintillation and positioning series throughout the 2014 period on the resolution level scale
6, in agreement with the numerical correlation of 0.53, shown in Table 1 mainly related to the seasonal influence,
being that in the period of the spring and autumn equinoxes, presenting a correlation of approximately 70 to 90%.
Furthermore, on the resolution level scale 4, there is a high correlation in the order of 70 to 90%, which starts at
the peak of the autumn equinox and extends until the end of the winter solstice. Regarding the peak of spring, it is
better correlated by the periodicity of 8 to 16 days with approximately 80%.

Another factor to be highlighted is the spatial influence, since the ionospheric scintillation and consequently
the positioning error, are greater in the region of low latitudes, as is the case of the PRU2 station. This fact can be
proven by comparing the results obtained in the positioning, as well as the ionospheric scintillation, of the PRU2
and POAL stations at the autumn equinox of 2013. In this case, it is possible to notice that the 3D MSE of the PRU2
station is 2.5 times greater that to the POAL station.

Thus, the POAL station, due toits location, is less vulnerable to ionospheric effects and ionosphericirregularities
as shown in Figure 5a. However, Figure 6 shows high S4 values, being in most cases higher than in the southeastern
region, this can be justified by the fact that scintillation data is greater than 0.5 and by weighting the average.

Figure 11 shows the amount of scintillation data (54>0.5) employed per day. Note that although the PRU2
and PALM stations result in a greater number of daily data used, the POAL station has a high number of S4 values
between 0.7 and 1 (0.7<S4<1) greater than 1 (54>1), which directly influences the average and the behavior of the
scintillation series (Figure 5a).
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a b

Figure 11: Quantity of scintillation data (S4> 0.5) employed per day to calculate the weighted average of PRU2 (a),
PALM (b) and POAL (c) stations.

In addition, based on Figures 6 to 8 it is noted that the two annual peaks of the scintillation index S4, referring
to the moths of the equinox, are practically of the same magnitude. This uniformity of the peaks can also be justified
by the occurrence of sunspots in this period of the series, represented in Figure 2, where the monthly number of

spots is shown.

5. Conclusion

In this research, an investigation of the effects of the amplitude scintillation on Precise Point Positioning was
presented using only the C/A code. The analysis in question considered three years of data in the period of maximum
solar activity of cycle 24, covering the seasonal variation of the ionosphere, especially the summer solstice and
equinoxes, when the most intense scintillations are observed.

The investigation of the correlation between the accuracy of the PPP and the occurrence of ionospheric
scintillation was based on the statistics of the Mean Squared Error of the positioning and magnitude of the values
of the S4 index observed in Brazilian stations. The analysis considered different ionospheric regions, PALM (near
the Geomagnetic Equator), PRU2 (low latitudes region and presence of EIA) and POAL (Mid-latitudes region). In
this way, based on the MSE time series and the S4 indexes, it was possible to notice the impact of the scintillation
on the positioning as a function of the geographical position. At low latitudes, as in the case of the PRU2 station,
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the ionospheric scintillation and consequently the positioning error are greater, reaching 2.5 times greater than the
POAL station, at the autumn equinox of 2013.

As a result, there was a correlation of 53% and 51% using the Spearman method, for the PALM and PRU2
series, respectively. It is worth mentioning that the maximum correlation of the series of stations occurred at the
peak of solar activity in cycle 24, in 2014. As already discussed, this fact directly influences ionized particles, as well
as intensifies ionospheric irregularities.

Furthermore, considering the analysis of space-frequency in relation to time by the Wavelet coherence
method, it demonstrated an effective technique for the analysis of seasonal variation and for time series with daily
data, since it is used in the spring and autumn equinoxes, presenting a correlation of approximately 70 to 90%.
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