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varies with station location and elevation angle of the satel-
lite. Therefore, each case must be treated individually.
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Introduction

The GNSS (global navigation satellite system) has become 
a useful and indispensable technology for positioning and 
timing. However, several effects influence the signal along 
its path from the satellite to the receiver. This is because 
the GNSS signals propagate through the earth’s atmosphere, 
through layers of different types and densities. Thus, the sat-
ellite signals encounter different forms of influences, which 
may cause variations in direction and velocity propagation, 
polarization, and power. These effects can degrade the qual-
ity of the GNSS observable and the accuracy of positioning.

The ionosphere is one of the largest sources of interfer-
ence in the propagation of GNSS signals. The ionospheric 
scintillation, caused by irregularities in the electron density, 
can weaken the signal received by the GNSS receiver, caus-
ing degradation of positioning or even signal loss (McNa-
mara 1991).

The effects of ionospheric scintillation are more severe 
in the equatorial and low-latitudes regions, as well as in 
the high-latitudes regions, especially at the poles (Kintner 
et al. 2007; Davies 1990). The scintillation events in high 
latitudes are related to the periods of high solar activity and 
magnetic storms. On the other hand, in the equatorial and 
low-latitudes regions, the scintillation events occur mainly 
due to equatorial ionization anomaly (EIA) and ionospheric 
bubbles that are formed in this region soon after sunset (Kel-
ley 1989).
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evident in the smoother scales of multiscale decomposition 
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Investigations using data from different stations and satel-
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For high-latitude regions, the scintillation has been 
well characterized in the literature. Indeed, some studies 
applying wavelets have contributed in deriving scintilla-
tion indexes by wavelet detrending methods instead of the 
Butterworth filters traditionally used in receivers (Mat-
erassi et al. 2009; Mushini et al. 2012; Tiwari et al. 2011, 
2013). We are using the S4 index obtained by detrending 
the raw high-rate-intensity measurements using a low-
pass Butterworth filter with a cutoff frequency of 0.1 Hz.

Using the available S4 index, which measures the 
amplitude scintillation, we performed a multiscale anal-
ysis by wavelets to obtain a more realistic S4 index and 
to investigate the scintillation effect on the Global Posi-
tioning System (GPS) signals. Experiments were carried 
out in different locations of Brazil. The main purpose is 
to evaluate the presence of other contributions to the S4 
scintillation index and thus to estimate and separate them 
from S4. The periodic behavior of “U” shapes seen in 
the time series of the S4 index indicates that some cyclic 
effects are included in the S4 scintillation index, which 
are probably related to effects such as multipath. This 
“U” shape of periodic behavior is because the elevation 
angle of the satellite follows a shape of inverted “U” and 
the reflections and noise are more pronounced at lower 
angles, i.e., the lower the elevation angle of the satellite, 
the greater the multipath effect. For a complete multi-
scale analysis of the S4 index, we use the non-decimated 
discrete wavelet transform (NDWT). Initial results using 
NDWT in this sense have been promising (Brassarote 
et  al. 2015). This transform is more adequate to time 
series than the decimated discrete wavelet transform 
which is mostly used in literature. The NDWT is transla-
tion invariant and keeps the same number of coefficients 
in each scale, corresponding to all time instants at which 
the data are collected. The temporal correspondence 
makes, for instance, multipath repeatability quite easy to 
be identified in different scales. Thus, information and 
hidden patterns that could not be detected in the time or 
frequency domain can be explained more clearly in the 
time–frequency domain.

We first give a brief overview of ionospheric scintilla-
tion, and we present the multiscale decomposition method 
by NDWT used in our scintillation S4 index analysis. We 
then present how the experiments were carried out and 
how the methodology was applied to estimate and sepa-
rate sidereal-day effects from scintillation in S4 index. 
The results obtained from the proposed methodology as 
well as the analysis of the scintillation S4 index before 
and after removal of the estimated sidereal-day effect are 
presented after that. Final considerations are presented 
at the end.

Theoretical aspects

We briefly explain the effects of ionospheric scintillation on 
GNSS positioning and the multiscale decomposition from 
non-decimated wavelets used to assess the S4 index time 
series of scintillation. We explain the reason for using wave-
lets in the real signal analysis instead of Fourier-based meth-
ods, and we highlight the advantages of applying the NDWT 
for a complete multiscale analysis of scintillation time series. 
The description of the NDWT pyramidal algorithm and the 
method used to calculate the NDWT are given in Appendix.

Ionospheric scintillation and its effects in the GNSS 
positioning

The ionosphere is a layer of the atmosphere located between 
50 and 1000 km of altitude, formed by the interaction of 
sunlight with different gases that constitute the atmosphere 
(McNamara 1991). The effect of the ionosphere depends on 
the frequency and the refractive index. The latter is propor-
tional to the TEC (total electron content), i.e., the number 
of electrons along the path from satellite to receiver. The 
TEC varies in time and space, depending on solar radiation, 
geomagnetic activity, sunspot cycle, season, user location 
and direction between the satellite and the receiver (Cama-
rgo et al. 2000). In addition, in the ionosphere there are 
anomalies and irregularities which affect the propagation of 
GNSS signal, such as the equatorial anomaly, ionospheric 
bubbles and ionospheric scintillation (Maini and Agrawal 
2007; Kintner et al. 2007).

Ionospheric scintillation can be described as a rapid 
change in phase and amplitude of the GNSS signal when 
it passes through irregularities in electron density along its 
path (Kintner et al. 2001). It is more intense in the equatorial 
and low-latitudes regions and high latitudes (Kintner et al. 
2007). Brazil, which has much of its territory located in the 
equatorial region, is strongly affected by the scintillation 
occurrence.

The intensity of scintillation effects in Brazilian longi-
tudes varies seasonally. The strongest scintillation occurs 
from September to March, while the minimum effects take 
place during April to August (Camargo et al. 2000). Regard-
ing daily variations, ionospheric irregularities intensify at 
night, more specifically after sunset with duration of 5 to 
6 h. The incidence of ionospheric scintillation plus the weak 
coverage of satellites can lead to loss of positioning service, 
compromising the performance of activities such as air navi-
gation and precision agriculture.

Due to the seemingly random and uncorrelated nature, 
modeling the ionospheric scintillation has not been feasi-
ble. However, through some quantitative information of the 
scintillation, as the S4 and phi60 (or sigma-phi–σφ) indexes, 
it is possible to characterize and understand the ionospheric 
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irregularities that cause ionospheric scintillation (Kintner 
et al. 2007).

The S-value is a way to characterize the power variation 
of a signal over time. The S4, i.e., the fourth harmonic index 
and most used one among all S indexes, maps the intensity 
of ionospheric scintillation. The σφ index shows the varia-
tion of the carrier phase measurement φ at the receiver dur-
ing the past 60 s, i.e., it quantizes the standard deviation 
of the GPS signal phase (Streets 1969; Briggs and Parkin 
1963).

The S4 index is defined by the standard deviation of the 
received signal power normalized to average signal power 
(Briggs and Parkin 1963). According to Tiwari et al. (2011), 
this index can be classified into mutually exclusive catego-
ries depending directly on the signal intensity that occurred 
on the day and place in question: strong (S4 ≥ 1.0), moderate 
(0.5 ≤ S4 ≤ 1.0) and weak (0 ≤ S4 ≤ 0.5).

Multiscale decomposition from non‑decimated wavelets

Transforms are applied to signals to obtain more information 
about them, which are not readily available in the original 
signal. The transformation of a signal from the time domain 
to the frequency domain can be done through several math-
ematical tools, of which the best known is probably the 
Fourier transform (FT). The basic principle of the FT is to 
represent a periodic signal as the sum of sines and cosines. 
These sine waves are well located in frequency but not in 
time, because their support is of infinite length. Therefore, 
the FT allows the identification of the signal frequencies 
but the time information is completely lost in the trans-
formed signal. Thus, the FT is only suitable for stationary 
signals, i.e., signals whose frequency does not change over 
time. This is not the case for real signals, which are usually 
non-stationary.

One possibility is to apply the windowed Fourier trans-
form (WFT), which uses a fixed-length and sliding win-
dow to calculate the FT, assuming the signal has stationary 
behavior inside each window. This application would solve 
the frequency localization problem, but it would depend on 
the length of the window used. In addition, another prob-
lem of the WFT is the inconsistent treatment of different 
frequencies. In the low frequencies, there are so few oscil-
lations within the window that the frequency location is lost, 
whereas in the high frequencies there are so many oscilla-
tions that the time location is lost. Therefore, it is neces-
sary to apply a transform with a window of variable length. 
This is the basic idea of the wavelet transform (WT), which 
expands a function using a set of wavelet functions that have 
time–frequency location.

A wavelet expansion uses translations and dilations of a 
function called mother wavelet �, allowing one to obtain a 
family of functions (Nason 2008),

where a is the dilation factor and b the translation fac-
tor. Considering a = 2−j and b = k2−j, j ∈ R, there is 
a function �  with time–frequency location such that 
�j,k(x) = 2j�(2jx − k) is an orthonormal basis for the space 
L2(R).

So, the discrete wavelet transform (DWT) of a time series 
Xt with relation to mother wavelet � is

where n = 2j0 is the number of observation of the time series 
Xt, j = 0,… , j0 − 1 and k = 0,… , 2j0−1 with j0 ∈ Z. The first 
decomposition level is going to be related to the smallest 
scale representing the effects of highest resolution level or 
highest frequency. The greater the decomposition level, the 
lower the frequency representing the greatest and smooth-
est scales.

This is the version of WT most well known, which is also 
calculated through the pyramidal algorithm developed by Mal-
lat (1989). This process uses discrete filters and downsam-
pling, where for each two outputs of the filter one output is 
discarded, resulting in each stage of the algorithm having half 
of the elements considered in the previous stage. However, the 
downsampling required for DWT calculation makes it sensi-
tive to the origin, which is not ideal for some applications, 
mainly those involving non-stationary time series analysis.

On the other hand, the NDWT is shift invariant because 
it considers all the elements of the sample by eliminating the 
downsampling and, consequently, represents a time series with 
the same number of coefficients at each decomposition level of 
the pyramidal algorithm. Thus, the use of the NDWT allows a 
complete analysis in multiscale of the time series identifying 
the frequency of occurrence and location in time of severe 
non-stationarity caused by spikes of different magnitudes. In 
addition, the NDWT makes a reliable approximation of the 
magnitude of these effects. The NDWT pyramid algorithm is 
presented in Appendix.

The wavelet periodogram decomposes the energy, or vari-
ance, of the time series {Xt} in 2j multiscale, i.e., different lev-
els of resolution j and with time–frequency location 2jt (Nason 
2008). It is calculated from the NDWT wavelet coefficients, 
being described by

where W̃j,t is calculated by (5) presented in Appendix. Note 
that W̃  is the non-decimated version of the decimated wave-
let transform W, obtained in (2).

(1)�a,b(x) =
1

√
�a�

�

�
x − b

a

�
, a, b ∈ R, a ≠ 0

(2)Wj,k =

n−1∑

t=0

Xt�j,k(t)

(3)Ij,t =
|||W̃j,t

|||
2
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The wavelet periodogram gives a good description of 
where significant changes are located in the time series 
because abrupt changes in the series correspond propor-
tionately to coefficients of large magnitude.

The sum of all NDWT wavelet coefficients at each 
scale of the periodogram allows calculating the variance 
of the time series at each scale. This task is executed by 
the global wavelet spectrum, using the following equation

The global wavelet spectrum completes the multiscale 
(or multiresolution) analysis of time series. From the peri-
odogram, the scale that has the most energy and character-
izes the time series better can be identified. Table 1 pro-
vides a resolution interpretation of wavelet decomposition 
for S4 index in minutes by decomposition level j and scale 
�j = 2j−1 (Percival and Walden 2000).

Each scale �j related to decomposition level j corre-
sponds to a period interval from 2�j to 4�j. As the data 
are at minute intervals, resolution interpretation of each 
scale is given in minutes, hours and days. The greater 
the decomposition level j, the greater the scale �j. So, the 
effects related to this scale have low frequency.

(4)Sj,t =
1

N

N−1∑

n=0

|||W̃j,t
|||
2

Experiments

To investigate the effect of ionospheric scintillation on GPS 
signals in different regions of Brazil through the S4 index, 
we used the database of the CIGALA/CALIBRA (Concept 
for Ionospheric Scintillation Mitigation for Professional 
GNSS in Latin America/Countering GNSS high Accuracy 
applications Limitations due to Ionospheric disturbances in 
BRAzil) project available through the ISMR Query Tool 
developed in the São Paulo State University in Presidente 
Prudente (FCT-UNESP), Brazil (Vani et al. 2016). Figure 1 
shows the locations of the 12 stations used, which have data 
available from Septentrio PolaRxS Pro receivers since Feb-
ruary 14, 2011. The PolaRxS Pro receivers can generate and 
store raw data at high rate of 50 Hz in hourly files which 
can be processed to provide scintillation indices S4 and σφ, 
among others (Vani et al. 2016).

The selected stations to perform the analysis are MAN2 
(data available until 2014—this station was replaced by 
MAN3 after 08/07/2014), PALM, POAL, PRU1 and SJCU 
in the cities of Manaus, Palmas, Porto Alegre, Presidente 
Prudente and São José dos Campos, respectively. They were 
chosen according to their geographical location to provide 
an evaluation of the ionospheric scintillation effect from dif-
ferent positions in relation to the geomagnetic equator.

To evaluate the ionospheric scintillation effect on GPS 
signals at different times of the year 2013, data from 

Table 1   Frequency and period 
interval in each scale �j = 2j−1

Decomposition 
level

Scale Frequency interval Period interval in minutes

j � j

(
1

4� j
,

1

2� j

]
[2 � j, 4� j

)

1 �1 = 1
(

1

4
,
1

2

]
2–4 min

2 �2 = 2
(

1

8
,
1

4

]
4–8 min

3 �3 = 4
(

1

16
,
1

8

]
8–16 min

4 �4 = 8
(

1

32
,

1

16

]
16–32 min

5 �5 = 16
(

1

64
,

1

32

]
32 min–1 h 4 min

6 �6 = 32
(

1

128
,

1

64

]
1 h 4 min–2 h 8 min

7 �7 = 64
(

1

256
,

1

128

]
2 h 8 min–4 h 16 min

8 �8 = 128
(

1

512
,

1

256

]
4 h 16 min–8 h 32 min

9 �9 = 256
(

1

1024
,

1

512

]
8 h 32 min–17 h 4 min

10 �10 = 512
(

1

2048
,

1

1024

]
17 h 4 min–1 day 14 h 8 min

11 �11 = 1024
(

1

4096
,

1

2048

]
1 day 14 h 8 min–2 day 20 h 16 min
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March and June within considered periods of, respectively, 
strong and weak scintillation were selected (Camargo et al. 
2000). For a better visualization of data and results, we use 
6 days of data in each period (March and June).

When estimating the multipath effect, the S4 index 
time series on weak scintillation effect were decomposed 
in multiscale by the Symlets wavelet family with 10 van-
ishing moments (SYM10). To identify this optimal wave-
let base, a comparison was carried out of Daubechies 
with 6, 8 and 10 vanishing moments (DAUB6, DAUB8, 
DAUB10), Symlets with 4, 6, 8 and 10 vanishing moments 
(SYM4, SYM6, SYM8, SYM10), and Starlet bases. The 
Starlet wavelet, also an undecimated wavelet, has been 
widely used in astronomical applications (Starck et al. 
2011). A reason that motivates the use of Starlet wavelet 
here is that it does not require orthogonal or biorthogonal 
filters and offers easy and fast computing, besides to being 
ideal for handling large data size such as the ionospheric 
scintillation data.

The results of the application of the three wavelet bases 
on the S4 scintillation signals were all very similar, showing 
that in this case there is no problem in selecting a different 
base. Therefore, we decided to apply the well-known Sym-
lets wavelet with 10 vanishing moments for this application.

From multiscale analysis, one can check for the presence 
of periodic effects in the scintillation index and their rela-
tionship with the scale of the wavelet periodogram. Thus, 
analyzing more than 2 days of data one can check the pres-
ence of cyclic effects such as daily repeatability.

Repeatability in the scale that represents the sidereal-day 
effects is mainly attributed to multipath, being the effect that 

repeats daily according to the satellite motion if the receiver 
environment remains unchanged.

Once periodic effects have been detected from the wavelet 
periodogram, the scale corresponding to them can be rebuilt 
to estimate the sidereal-day effect in the time domain. We 
proposed to estimate the sidereal-day multipath effect in 
the weak scintillation period, avoiding overestimating these 
effects. Considering the repeatability of the multipath effect, 
the goal is to remove it from the strong scintillation period.

Through the above procedure, it is possible to separate 
scintillation effect from other sidereal-day effects, mainly 
multipath, that may influence the S4 index, and thus provide 
an index that better represents the ionospheric scintillation. 
The implementation was performed in R language (http://
cran.r-project.org/), wherein open code routines such as 
packages “wavethresh” and “tseries” were used.

Results and analysis

The procedure of separating the multipath effect from the 
scintillation index was applied as described above to GPS 
satellites 1, 11, 19 and 31 in each of the five selected stations 
of the CIGALA/CALIBRA network. However, the results 
are illustrated for PRN 11 satellite in the stations most 
(PRU1) and least (MAN2) affected by ionospheric scintil-
lation. PRN 11 was chosen due to high ionospheric scintil-
lation intensity on S4 index for this satellite. The comparison 
between stations PRU1 and MAN2 allows illustrating the 
presence of spatial variability. On the other hand, GPS satel-
lite 31 is used to illustrate the comparison of the scintillation 
effect between satellites at the same station, in this case sta-
tion PRU1. Nevertheless, discussions will be extended to all 
stations and satellites in which the procedure was applied.

As mentioned previously, the purpose of decomposing 
the S4 index time series of the weak scintillation period in 
multiscale is to estimate the effect of multipath and then 
remove it from a strong scintillation period in an attempt to 
separate the multipath and scintillation effects. This process 
will be presented in the next sections.

Estimation of the sidereal‑day effect in weak 
scintillation period

First, the S4 time series that characterize weak ionospheric 
were analyzed graphically. The time series relative to GPS 
satellite 11 at stations MAN2 and PRU1 and GPS satellite 
31 at station PRU1 can be seen in each top-left panel in 
Figs. 2, 3 and 4. The S4 time series show gaps caused by 
the lack of data, when the satellites are not being tracked, 
and a daily behavior that is mostly related to multipath 
effect. In each of the 6 days of data, the GPS satellites 1, 
11 and 19 were tracked by the receiver on the time of the 

Fig. 1   Distribution of stations of the CIGALA/CALIBRA network in 
Brazil, 2016

http://cran.r-project.org/
http://cran.r-project.org/
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day from 16 h UTC to 23 h UTC on analyzed stations. 
GPS satellite 31, on the other hand, was visible twice per 
day tracked by the receiver from 16 h UTC to 20 h UTC 
and from 9 h UTC to 12 h UTC. The daily behavior is 
“U-shaped,” whereas the satellite elevation angle follows 

a shape of inverted “U,” what is expected since the reflec-
tions (multipath) and noises are more expressive at lower 
elevation angles, as shown Fig. 5. The presence of these 
effects in the time series may influence the analysis of the 
ionospheric scintillation index.

Fig. 2   Estimation of the 
sidereal-day effect for GPS 
satellite PRN 11 and station 
MAN2. S4 time series of weak 
ionospheric scintillation period 
(top-left), multiscale decom-
position by Symlets wavelet 
(top-right), estimation of the 
sidereal-day effect (green) and 
average sidereal-day effect 
(black) (bottom-left), and 
periodogram of the average 
sidereal-day effect estimated 
(bottom-right). Wj indicates 
the wavelet coefficients like 
those from Eq. (2) but applying 
NDWT (Eq. 7 Appendix) while 
the Vj represents those related to 
the lowest frequency or smooth-
est part (Eq. 8 Appendix)

Fig. 3   Estimation of the 
sidereal-day effect for GPS 
satellite 11 and station PRU1. S4 
time series of weak ionospheric 
scintillation period (top-left), 
multiscale decomposition by 
Symlets wavelet (top-right), 
estimation of the sidereal-day 
effect (green) and average 
sidereal-day effect (black) 
(bottom-left), and periodogram 
of the average sidereal-day 
effect estimated (bottom-right)
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Thus, the multiscale method described above was applied 
to S4 time series of GPS 11 satellite in station MAN2 dur-
ing the weak ionospheric scintillation period (top-left panel, 
Fig. 2). In this multiscale decomposition of the consolidated 
6 days of data, it is possible to analyze which scale has 
repeatability in periods when there is data, that is, which 
ones show the periodic behavior present in the scintilla-
tion index. Such scales are those that must be reconstructed 
for the estimation of the periodic effect, i.e., the multipath. 
In the analyses carried out, the weak scintillation data are 
decomposed into seven levels (top-right panel, Fig.  2). 
The decomposition levels 6 and 7 present periodic behav-
ior data, as can be seen in Fig. 6; therefore, they should be 
reconstructed.

Since multipath is an effect that repeats on consecutive 
days, it is interesting to estimate a single average effect that 
describes this behavior in the scintillation data. Whereas the 
S4 data have a different behavior for each satellite and sta-
tion, even referring to the same period of data, it is necessary 

Fig. 4   Estimation of the 
sidereal-day effect for GPS 
satellite 31 and station PRU1. S4 
time series of weak ionospheric 
scintillation period (top-left), 
multiscale decomposition by 
Symlets wavelet (top-right), 
estimation of the sidereal-day 
effect (green) and average 
sidereal-day effect (black) 
(bottom-left), and periodogram 
of the average sidereal-day 
effect estimated (bottom-right)

Fig. 5   S4 index time series (top) and elevation angles (bottom) for 
GPS satellite 11 at station MAN2 station

Fig. 6   Zoom of decomposi-
tion levels 6 and 7 of wavelet 
decomposition shown in top-
right panel (Fig. 2). The figure 
shows periodicity present in the 
S4 time series
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to estimate an average function that describes the multipath, 
specific to each satellite and each station. This is obtained 
in the bottom-left panel in Fig. 2 by the average (in black) 
of the 6 days of data characterizing multipath. The peri-
odogram of the average estimated sidereal-day effect as well 
as the wavelet global spectrum are presented in the bottom-
right panel in Fig. 2.

Figures 3 and 4 show the results for the estimation of 
the sidereal-day effect (multipath) related to GPS satellites 
11 and 31 for station PRU1 (top-left panels) and multiscale 
decomposition of the S4 time series that characterize weak 
ionospheric scintillation (top-right panels). Once the scales 
with the daily repeatability were verified (scales of 6 and 
7 decomposition levels), the estimation of the sidereal-day 
effect was obtained by the reconstruction of these scales, 
which can be seen in green in the bottom-left panel in each 
figure. Once there is a natural variability in the daily repeat-
ability of observed time series, an average sidereal-day effect 
was estimated and plotted in black in these figures (also 
bottom-left panel). Periodogram of the average estimated 
sidereal-day effect and the wavelet global spectrum are pre-
sented in the bottom-right panels.

For GPS satellite 11 of all analyzed stations, the esti-
mated periodic behavior turns out to be the same, since in 
all cases the most expected scale in the wavelet periodogram 
is the one of decomposition level 10. This scale is related to 
the daily repeatability, as can be seen in Table 1. It is also 
more expressive, i.e., it presents greater global variance. The 
periodogram of the ionospheric scintillation S4 time series 

illustrated in top-right panel in Figs. 7 and 8 shows how this 
sidereal-day periodic effect influences the S4 index analysis. 
Similarly, all satellites of station PRU1 show the decom-
position level 10 as the most evident (the greatest global 
variance), except PRN 31. The sideral-day repeatability is 
represented by the second spike for PRN 31 (bottom-right 
panel, Fig. 4), because 2 shapes of “U” occur in each day 
(due to the fact that satellite is visible twice each day–span 
of just over 4 h). The scale related to the 8th decomposition 
level became more evident.

Removal of sidereal‑day effect (multipath) in strong 
scintillation period

Once the multipath was estimated during the period of low 
scintillation effects, the proposed method is to remove it 
from the scintillation data during the period of strong scin-
tillation effect. The removal was done in the time domain, 
by subtracting the estimated multipath effect of the S4 time 
series. The series obtained in the bottom-left panels of 
Figs. 7, 8 and 9 have minor influence of periodic effects. 
For a more detailed analysis in multiscale of the scintillation 
time series before and after the multipath removal, we evalu-
ated the wavelet spectrum estimated by the wavelet peri-
odogram and the global spectrum that represents the energy 
or the total variance of the series at each decomposition level 
(or scale). The results can be visualized in top-right panels 
and bottom-right panels of Figs. 7, 8 and 9.

Fig. 7   Multiscale analysis of 
GPS satellite PRN 11 and sta-
tion MAN2. S4 index time series 
of weak ionospheric scintilla-
tion period before (top-left) and 
after (bottom-left) removal of 
sidereal-day effect, periodogram 
of time series without (top-
right) and with (bottom-right) 
removal of average estimated 
sidereal-day effect
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By the analysis of Figs. 7, 8 and 9 and comparison of the 
periodogram plotted in top-right and bottom-right panels, 
it is observed that with the multipath removal there was a 

change in the scale with the highest concentration of energy 
(global variance). This means that having removed the 
multipath effect of the series, this periodic effect, mainly 

Fig. 8   Multiscale analysis of 
GPS satellite PRN 11 and sta-
tion PRU1. S4 index time series 
of weak ionospheric scintilla-
tion period before (top-left) and 
after (bottom-left) removal of 
sidereal-day effect; periodogram 
of time series without (top-
right) and with (bottom-right) 
removal of average estimated 
sidereal-day effect

Fig. 9   Multiscale analysis of 
GPS satellite PRN 31 and sta-
tion PRU1. S4 index time series 
of weak ionospheric scintilla-
tion period before (top-left) and 
after (bottom-left) removal of 
sidereal-day effect; periodogram 
of time series without (top-
right) and with (bottom-right) 
removal of average estimated 
sidereal-day effect
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concentrated in the scale of decomposition level 10, is no 
longer the most significant in the spectrum.

It is evident in the wavelet analysis, that by observing 
the periodograms of S4 index scintillation with removal of 
sidereal-day effect (bottom-right panels, Figs. 7, 8 and 9), 
the scales that explain better the scintillation time series 
for PRN 11 are those of decomposition levels 9 for station 
SJCU, 8 for PALM, 4 for POAL and MAN2, and decomposi-
tion level 5 for PRU1. Such scales are related to the effects 
from 8 to 17 h, 4 to 8 h, 16 to 32 min and from 32 min to 
1 h, respectively, confirming that the effects of scintillation 
change with the station location. Note also that the most 
evident scale of the periodograms changes according to the 
analyzed GPS satellite. In the case of station PRU1, these 
main scales change to 5 for PRN 1 and PRN 11 (bottom-
right panel, Fig. 8), to 8 for PRN 19 and to 6 for PRN 31 
(bottom-right panel, Fig. 9). This shows that the scintillation 
frequency behaviors are different for each satellite at differ-
ent elevation angles, indicating that it needs to be treated 
individually.

Comparison of S4 index among the stations

Regarding the comparison of scintillation index in the time 
domain, Fig. 10 shows the box plots for the S4 index data, 
during the 6-day period of strong scintillation effect, at 
different times to each station, before and after removal of 
multipath. Although the dataset had not been collected in 
same time for all stations, it is available to the same period 
of March or April (strong scintillation period) making it 
possible to compare the results. The figure shows that after 
removal of multipath in the S4 index, the median is reduced 
for all stations. From the Wilcoxon test, considering a 

significance level of 5%, the null hypothesis of equal medi-
ans could be rejected for S4 index of all stations (p 
value < 0.001) confirming the reduction of the median, 
which were 0.09 for the stations MAN2 and PRU1, 0.07 
for SJCU and PALM and 0.06 for station POAL. Further-
more, the distribution became more asymmetric toward 
the right. Besides the visualization of the box plots, the 
skewness coefficients, a measure of symmetry estimated 

by the expectation E
[(

x−�

�

)3
]
, can be seen in Table 2.

We generated the skewness coefficients to S4 time series 
(6 days data) on strong scintillation period before and after 
removing sidereal-day effects. Note that negative skew-
ness indicates left-skewed distribution and positive skew-
ness right-skewed one. Thus, the increase in the skew-
ness coefficients with the multipath removal shows that 
the data became more asymmetric to the right (Table 2). 
This fact is expected considering that the S4 values in the 
weak scintillation period, representing mostly multipath, 
rarely reached 0.5.

Figure 10 also shows that the station most and least 
influenced by scintillation is PRU1 and MAN2, respec-
tively. This is in accordance with literature due to the EIA 
effect between 15° and 20° north and south magnetic lati-
tude. Thus, the intensity of scintillation actually is weaker 
at the location of station MAN2 and more intensive at the 
location of station PRU1 (Fig. 1). Once station SJCU is 
located close to the EIA’s crest, similarly to PRU1, it was 
expected that the scintillation effect would be strong at this 
station as well. The station POAL, which is not located in 
a region of intensive scintillation, presented a scintilla-
tion effect stronger than PALM and SJCU stations. How-
ever, although the maximum S4 index at POAL (1.35) was 
higher than at PALM (1.24) and at SJCU (1.09), as shown 
in Fig. 10, only 1.2% of POAL observations exceeds the 
level of weak scintillation, as can be seen in Table 3. The 
percentage of S4 index at PALM and SJCU stations that 
exceed the level 0.5 is higher than at POAL. This percent-
age is 4.2% to PALM and 5.9% to SJCU, which reduces to 
2.4 and 4.7%, respectively, after multipath removal.

Fig. 10   Box plot of S4 index of stations MAN2, SJCU, PALM, 
POAL and PRU1 without (black) and with (red) removal of sidereal-
day effects (multipath)

Table 2   Skewness coefficients for S4 distribution without and with 
the sidereal-day effects (multipath) removal for all stations

Skewness MAN2 SJCU PALM POAL PRU1

S4 without multipath 
removal

3.3 5.5 4.4 10.6 3.7

S4 with multipath removal 7.9 6.7 5.8 16.1 4.4
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Conclusions

The presence of a periodic behavior, which is typical of 
multipath effect, was verified in scintillation data using 
five stations from the CIGALA/CALIBRA network. From 
the wavelet decomposition of the scintillation S4 index, it 
was possible to estimate and remove this identified peri-
odic effect. We obtained a more realistic indicative S4 
index corrected from sidereal-day effects that better repre-
sents the scintillation and is useful to future investigations 
of scintillation effect.

It is noteworthy that for effective analysis of scintilla-
tion it is necessary to analyze each satellite and station 
because the scintillation effect is specific and depends on 
the location of both stations and satellites. The presented 
results are based on 6 days of data, which is the largest 
dataset allowing to check visually the presence of cyclic 
effects such as daily repeatability. The analysis made on 
this dataset is representative and could be extended to 
cover a season or a year. Using another dataset of 6 days 
would also not change the analysis.

Therefore, it follows that by multiscale wavelets analy-
sis it is possible to take a first step into separating the 
scintillation effect from other sidereal-day effects, mainly 
multipath, that can influence the scintillation S4 index 
analysis. For future work, the scales that were identified as 
the most important to characterize the scintillation effects 
should be investigated. Other scintillation indexes, such 
as phi60, should be evaluated to investigate the meaning 
of the identified periodicities such as those from 4 to 8 h 
and from 16 to 32 min.
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Appendix: NDWT pyramid algorithm

Given a time series {Xt ∶ t = 0,… ,N − 1}, the result of the 
filtering of {Xt} with the NDWT wavelet {h̃k} and scaling 
{g̃k} filters is given, respectively, by (Percival and Walden 
2000)

The two sequences given by (5) and (6), called NDWT 
wavelet and scaling coefficients, represent the NDWT of 
decomposition level j, and stipulate that the elements of W̃j,  
Ṽj and Ṽj−1 are obtained by circularly filtering of {Xt} with 
the filters {g̃j,k}, {h̃j,k} and {h̃j−1,k}, respectively. The term 
“mod” from the equations refers to “maximal overlap dis-
crete,” that treats time series X as if it were circular, making 
X to be represented with the same number N of coefficients 
at each scale.

However, it is possible to obtain W̃j and Ṽj by filtering of 
Ṽj−1 as in the following equation

Equations (7) and (8) represent the NDWT pyramid algo-
rithm, and they can be written in matrix form as

where the rows of B̃j contain circularly shifted versions of 
{h̃k} after it has been upsampled to width 2j−1(K − 1) + 1,  
that consists of inserting 2j−1 zeros between each of the K 
values of the original filter, and then periodized to length 

(5)W̃j,t =

K−1∑

k=0

h̃j,kXt−k mod N

(6)Ṽj,t =

K−1∑

k=0

g̃j,kXt−k mod N , t = 0, 1,… ,N − 1

(7)W̃j,t =

K−1∑

k=0

h̃kṼj−1,t−2j−1k mod N

(8)Ṽj,t =

K−1∑

k=0

g̃kṼj−1,t−2j−1k mod N , t = 0, 1,… ,N − 1

(9)W̃j,t = B̃jṼj−1 and Ṽj = ÃjṼj−1

Table 3   Percentage of 
observations that exceed the 
level of weak scintillation 
without and with multipath 
removal by station

Percentage MAN2 SJCU PALM POAL PRU1

Before After Before After Before After Before After Before After

S4 ≥ 0.5 0.0 0.0 5.9 4.7 4.2 2.4 1.2 1.0 12.8 9.9
S4 ≥ 0.7 0.0 0.0 3.0 2.2 1.1 0.7 0.8 0.7 4.9 3.4
0.5 ≥ S4 ≥ 0.7 0.0 0.0 2.9 2.5 3.0 1.7 0.4 0.3 7.9 6.5
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N, and with a similar construction for Ãj based upon {g̃k}
(Percival and Walden 2000).

The NDWT also allows reconstructing Ṽj−1 from W̃j and 
Ṽj. The inverse NDWT acts to restore the signal in the time 
domain from its decomposition, and it can be calculated 
via inverse pyramidal algorithm described by the following 
equation,

which can be expressed in matrix notation as

where B̃T
j
 and ÃT

j
 are transposed matrix of B̃j and Ãj, 

respectively.
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g̃kṼj,t+2j−1k mod N ,

t = 0, 1,… ,N − 1
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Ṽj

Streets RBJ (1969) Variation of radio star and satellite scintillations 
with sunspot number and geomagnetic latitude. J Can Soc Expl 
Geophys 5:35–52

Tiwari R, Skone S, Tiwari S, Strangeways HJ (2011) 3WBMod 
Assisted PLL GPS software receiver for mitigating scintillation 
affect in high latitude region. In: IEEE General assembly and sci-
entific symposium, 2011 XXXth URSI, pp 1–4

Tiwari R, Strangeways HJ, Tiwari S, Ahmed A (2013) Investigation 
of ionospheric irregularities and scintillation using TEC at high 
latitude. Adv Space Res 52(6):1111–1124

Vani BC, Shimabukuro MH, Monico JFG (2016) Visual explora-
tion and analysis of ionospheric scintillation monitoring data: 
the ISMR query tool. Comput Geosci. https://doi.org/10.1016/j.
cageo.2016.08.022

Gabriela de Oliveira Nasci‑
mento Brassarote  received 
her B.Sc. in Mathematics at São 
Paulo State University (UNESP) 
in Presidente Prudente, Brazil, in 
2011; Master in Computational 
and Applied Mathematics in 
2014 and applied for the Ph.D. in 
Cartographic Science, starting in 
March 2015, both in UNESP. 
Her research activities involve 
multiscale wavelet analysis of 
time series, mainly GNSS 
signals.

Eniuce Menezes de Souza  is 
a professor at Department of Sta-
tistics, Maringa State University 
(UEM). She received her B.Sc. 
degree in Mathematics in 2001 
and her M.Sc. degree (2004) and 
Ph.D. in Cartographic Science 
(2008) from São Paulo State 
University (UNESP). Her 
research involves GNSS mul-
tipath and scintillation mitiga-
tion, multiscale wavelet analysis 
and applied statistics, mainly 
time series modeling.

João Francisco Galera Mon‑
ico  is a researcher level II at 
Department of Cartography, 
UNESP, Presidente Prudente. He 
received her B.Sc. degree in Car-
tographic Engineering from 
UNESP in 1982, M.Sc. in Geo-
detic Sciences from Paraná Fed-
eral University (1988), Ph.D. in 
1995 from IESSG University of 
Nottingham. He has worked 
extensively with GNSS position-
ing, atmosphere monitoring, 
adjustment and quality control in 
geodesy and cartography.

https://doi.org/10.1029/2006SW000260
https://doi.org/10.1029/2006SW000260
https://doi.org/10.1016/j.cageo.2016.08.022
https://doi.org/10.1016/j.cageo.2016.08.022

	S4 index: Does it only measure ionospheric scintillation?
	Abstract 
	Introduction
	Theoretical aspects
	Ionospheric scintillation and its effects in the GNSS positioning
	Multiscale decomposition from non-decimated wavelets

	Experiments
	Results and analysis
	Estimation of the sidereal-day effect in weak scintillation period
	Removal of sidereal-day effect (multipath) in strong scintillation period
	Comparison of S4 index among the stations

	Conclusions
	Acknowledgements 
	References




