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Abstract. This work presents an analysis of the climatology
of the onset time of ionospheric scintillations at low lati-
tude over the southern Brazilian territory near the peak of
the equatorial ionization anomaly (EIA). Data from L1 fre-
quency GPS receiver located in Cachoeira Paulista (22.4◦ S,
45.0◦W; dip latitude 16.9◦ S), from September 1998 to
November 2014, covering a period between solar cycles 23
and 24, were used in the present analysis of the scintillation
onset time. The results show that the start time of the iono-
spheric scintillation follows a pattern, starting about 40 min
earlier, in the months of November and December, when
compared to January and February. The analyses presented
here show that such temporal behavior seems to be associ-
ated with the ionospheric prereversal vertical drift (PRVD)
magnitude and time. The influence of solar activity in the
percentage of GPS links affected is also addressed together
with the respective ionospheric prereversal vertical drift be-
havior. Based on this climatological study a set of empiri-
cal equations is proposed to be used for a GNSS alert about
the scintillation prediction. The identification of this kind of
pattern may support GNSS applications for aviation and oil
extraction maritime stations positioning.

Keywords. Ionosphere (ionospheric irregularities; model-
ing and forecasting) – radio science (space and satellite com-
munication)

1 Introduction

The ionospheric scintillations considered here consist of
rapid time variations in the amplitude and phase of the satel-
lite radio signal passing through the ionosphere. The scintil-
lations are more frequently observed at equatorial and low-
latitude regions after sunset. In the South American sector
this phenomenon is very common during summer solstice
and equinoctial periods. Scintillations are responsible for a
significant reduction in GPS positioning accuracy, and in se-
vere scintillation scenarios, the receiver may completely lose
the capacity of providing positioning, time and velocity be-
cause of a full disruption (Basu and Basu, 1981; Kintner et
al., 2007; Moraes et al., 2014a).

The need for a better characterization of scintillation on-
set emerged recently during studies to evaluate the possible
use of a GBAS (ground-based augmentation system), a pre-
cision approach aviation landing system, in Brazil. In the last
decade GPS constellation has been modernized with the im-
provement of new codes and frequencies, L2C and L5, for
higher accuracy operation. The major focus of this mod-
ernization is the use of GPS for civil aviation in the near
future. Since scintillation degrades navigation performance,
the research of climatology, morphology and dynamics of
irregularities (spanning from hundreds of meters to a few
kilometers) for estimation and prediction of equatorial and
low-latitude scintillation is a major concern in the radio sci-
ence and space weather field. Motivated by these aspects,
this work pursues the characterizations of scintillation onset
time and its possible relation with the ionospheric prerever-
sal vertical drift and the peak height of the F2 layer over the
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Brazilian region. In the equatorial nighttime ionosphere, the
plasma may be elevated to higher altitudes where the criti-
cal parameters such as the collision frequency between ions
and neutrals are altered. In addition, the density gradient, an-
tiparallel to the gravity, usually becomes steeper, and this un-
stable configuration may lead to the generation of Rayleigh–
Taylor instability (RTI) that implies the formation of large
regions of density irregularities called equatorial plasma bub-
bles (EPBs). These EPB structures are responsible for severe
scintillation scenario and registers of EPB activities over the
Brazilian region have been made since 1978 (Sobral et al.,
1980). The role of the PRVD in the development of irregu-
larities has been widely discussed and the necessity of its ex-
istence as a requirement for subsequent EPB development is
already well established. Abdu et al. (2009), using measure-
ments from a network of instruments during COPEX cam-
paign (Conjugate Point Equatorial Experiment), argued that
in the Brazilian longitudinal sector a threshold value around
22 ms−1 of prereversal vertical drift peak (Vpk) is needed
for the development of the EPB structures. However, slightly
smaller values of Vpk may provide an ambient where spread
F at the bottom side may occur, although it does not evolve
into EPB structures. Another preconditioning unstable situ-
ation may occur when hmF2 is located at higher altitudes
before or during the PRVD, in such a way that even more
modest values of Vpk are enough to trigger EPB structures
and consequently the presence of severe scintillation (Jay-
achandran et al., 1993; Abdu, 2001; Oyekola, 2009). Inves-
tigation of ionospheric parameters related to EPB structures
and scintillation has been performed with both observations
and simulations (Priyadarshi, 2015, and reference therein).

Huba et al. (2000) presented a versatile model of equa-
torial and low-latitude ionosphere named the SAMI2 model
(acronym for Another Model of Ionosphere) which is capable
of providing a large amount of information about the iono-
sphere by solving equations for density, momentum and tem-
perature and by incorporating some empirical models such
as the vertical drift model (Scherliess and Fejer, 1999). For
the purposes of the present work some implementations were
made in SAMI2 including a day-to-day loop in order to use
real data for daily F10.7 values and a subroutine for calcula-
tion of the hmF2 parameter. SAMI2 results for the prerever-
sal vertical drift were compared to the amplitude scintillation
measurements made by a scintillation monitor deployed un-
der the southern crest of the equatorial ionization anomaly
(EIA) in the Brazilian sector. The next section briefly de-
scribes the methodology to obtain the scintillation data and
the geophysical conditions. In Sect. 3, we present and dis-
cuss the existence of some clear patterns in the onset time of
scintillation occurrence that seems to be seasonally depen-
dent. In Sect. 4, we present the model results (SAMI2) for
some critical parameters of the scintillation onset. In Sect. 5
we discuss the results and propose some empirical equations
to forecast the percentage of links affected (L.A.) by scintil-
lation. Finally, in Sect. 6 we present the conclusions.

2 Measurements and data processing

The data used in this study were recorded by a GPS-
L1 (1575.42 MHz) receiver located in Cachoeira Paulista
(22.4◦ S, 45.0◦W; dip latitude 16.9◦ S). The amplitude data
samples were acquired at 50 samples s−1 for each channel.
The period of analysis comprises from September 1998 to
December 2014 and was based on the climatological statis-
tics recently reported by Muella et al. (2017). This period
includes the maximum of the solar cycle 23, the deep solar
minimum period between cycles 23–24 and the ascending
phase of the solar cycle 24. Furthermore, only geomagnet-
ically quiet days (Kp< 4) were considered and over storm
time conditions the results may change significantly. The in-
dex used for data amplitude scintillation analysis was the S4,
which is the normalized root-mean-square (RMS) deviation
of received intensity, given by the following:

S4 =

√〈
I 2〉
−〈I 〉2

〈I 〉2
, (1)

where I is the intensity of the received signal and the brackets
〈 〉 denote the ensemble average of intensity during the com-
putational interval of 60 s. The receiver records I at 50 Hz for
all tracked GPS signals and also provides the respective S4
index every minute. In this work we consider noticeable scin-
tillation cases where S4 > 0.2. The first Fresnel zone scale
sizes of the irregularities that are responsible for scintillation
are around 400 m at the GPS L1 frequency. The scintillation
monitor used in this work is named SCINTMON and was de-
veloped by the GPS Laboratory at Cornell University (Beach
and Kintner, 2001). More details about the S4 computation
using this receiver can be found in Moraes et al. (2011).
Figure 1 shows two examples of amplitude scintillation data
with S4 = 0.51 and S4 = 0.99, respectively. These examples
give an idea on how scintillation varies as S4 increases. By
comparing the case of S4 = 0.51 with the case of S4 = 0.99,
it is possible to note that the increase in S4 implies more and
deeper fades in the received signal. In Moraes et al. (2012)
and Moraes et al. (2014a, b) a complete statistical charac-
terization of how those fades may change are modeled and
discussed.

Figure 2 shows an example from 21 November 2014, dur-
ing the peak of current solar cycle. Figure 2a presents the
total number of satellites in view, considering a 30◦ eleva-
tion mask. Additionally, this plot displays (with the red line)
the number of satellites affected by S4 > 0.2. From 20:00
to 22:40 LT is the period with more links affected simulta-
neously, typically three satellites, but in some moments up
to six satellites are affected by scintillation with S4 > 0.2.
Figure 2b shows the S4 values for all the satellites visible
during the night. Analyzing Fig. 2b it is possible to ob-
serve that scintillation with S4 > 0.2 starts at 20:02 LT and
remains up to 23:00 LT. Then near 23:35 LT and 00:40 LT
there is scintillation activity again, but it is not so intense.
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Figure 1. Two examples of observations measurements with S4 =
0.51 (a) and S4 = 0.99 (b) made in Cachoeira Paulista, illustrating
the variability in the fading strength.

Figure 2c shows the ratio between the satellites links avail-
able for elevation> 30◦ and the ones affected by scintillation
with S4 > 0.2. This ratio is presented in percentage and it is
computed for the time window of 10 min. Therefore, for each
10 min period it is computed the total of cases with S4 > 0.2
divided by the total of satellites available for this period. For
example, in the period between 20:50–21:00 LT, the signals
received from all the satellites were affected by scintillation
with S4 > 0.2. Figure 2d is a complementary illustration that
shows the sky plot with all satellite passages for this night. In
this plot the red dots represent the case with S4 > 0.2.

3 Scintillation onset pattern

Plasma irregularities are usually developed in the post-sunset
equatorial F region, when a rapid increase in the vertical drift
velocities causes an uplift of the ionosphere, known as prere-
versal enhancement (PRVD). Large PRVD favors the growth
rate of the RTI, considered the main mechanism responsi-
ble for the generation of plasma density irregularities. The
lower-density EPB structures rising from the equator may
spread along the geomagnetic field lines extending to low-
latitude regions. Between 10 and 20◦ geomagnetic latitude
north and south, the background plasma density is larger due
to the equatorial ionization anomaly. Once these depleted
structures move to these latitudes, the verified level of de-
pletion is enhanced. Additionally, polarization electric fields
mapped from the geomagnetic equator may generate insta-
bilities in these low-latitude regions (i.e., in situ) if proper
conditions are found. When EPB structures achieve low lati-
tudes scintillation is experienced there (Moraes et al., 2017a,
b, and references therein). In this section analyses are carried
out when this phenomenon is detected by GPS users in low
latitudes.

Based on the experimental measurements, it was possi-
ble to evaluate the monthly onset time for the occurrences
of the scintillation phenomenon, and this evaluation revealed

Table 1. Averaged scintillation onset time for Cachoeira Paulista
and the time difference, taking as reference the September onset
time.

Month Average onset Average onset difference
(h) from September (min)

September 20:18± 0:08 –
October 20:07± 0:07 −10.37
November 20:06± 0:06 −10.82
December 20:26± 0:12 9.84
January 20:41± 0:19 25.95
February 20:56± 0:32 39.66 (25.88)
March 20:30± 0:11 11.65

a clear pattern for the onset of scintillation activity. The onset
time has been computed by taking all the cases with scintil-
lation index S4 > 0.2 for the respective month of analysis.
The time when the first 5 % of the scintillation cases were
detected is considered the onset time in this work. The scin-
tillation analysis was performed between 18:00 and 06:00 LT
(in each month) throughout the period from September 1998
to December 2014. The amplitude scintillation data were
collected during approximately 6000 geomagnetically quiet
nights, where 6 (Kp) index< 24. The S4 threshold of 0.2
and the 40◦ elevation mask was adopted to reduce multi-
path effects. Figure 3a presents the scintillation onset times
between September and March (equinox–summer solstice),
from 1998 to 2014. These months were selected because over
the Brazilian region from March to August the presence of
EPB structures or scintillation is negligible, since this is a
period of winter solstice (Sobral et al., 2002). Due to deep
minimum solar activity, the occurrence of scintillation phe-
nomena was rare between 2006 and 2010. For the different
years considered in Fig. 3a, it is possible to observe a clear
pattern. Taking September as reference, the scintillation on-
set occurs on average 10 min earlier in the months of Octo-
ber and November, as shown in Fig. 3b and Table 1. From
December to February the opposite occurs, i.e., scintillation
starts around 25 min later, compared to September whereas
in March scintillation starts 10 min later in comparison to
September. It should be pointed out that, in some years, the
receivers were not operational in the month of February.

Table 1 lists the average onset times of scintillation de-
tected in Cachoeira Paulista for the period of September–
March from 1998 to 2014 presented in Fig. 3 as well as the
standard deviation of the dataset (column 2). Taking again the
month of September as reference, Table 1 shows in its third
column the average onset differences for the months in which
scintillation was observed. The average value of 39 min in
February is exaggerated due to a peak observed in this month
during the summer solstice period of 2012–2013. Therefore
there is a mean variation in onset scintillation time that varies
roughly 35–40 min between November and February.
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Figure 2. Example from 21 November 2014. (a) Total number of satellites visible for elevation> 30◦ and the number of satellites affected by
scintillation with S4 > 0.2. (b) All the S4 occurrences detected for all satellites from (a). (c) Average 10 min percentage of satellites visible
for elevation> 30◦ affected by scintillation with S4 > 0.2. (d) Sky plot for the night showing the satellite passages; the red dots represent the
cases with S4 > 0.2.

Figure 3. (a) Monthly average of scintillation onset time from
September to March during equinoxes–summer solstice for Ca-
choeira Paulista. (b) Monthly average time difference in relation
to September of the respective equinox–solstice.

4 Vertical drift and hmF2 as obtained from SAMI2
Model

The SAMI2 model (Huba et al., 2000) is an ionospheric
model that deals with the plasma dynamics and chemical pro-
cesses of seven ionic species (H+ He+, N+, O+, N+2 , NO+

and O+2 ). By solving equations of ion continuity, and ion and
electron momentum, ion and electron temperature and incor-
porating some external models such as the empirical verti-
cal drift model by Scherliess and Fejer (Scherliess and Fe-
jer, 1999), the SAMI2 model may provide a large number of
ionospheric parameters for equatorial and low-latitude posi-
tions. The vertical drift model is based on large radar (located
at Jicamarca) and satellite (Atmospheric Explorer E satellite)
datasets, and a detailed description on this may be found in
Scherliess and Fejer (1999).

For the purposes of the present work several changes were
implemented inside the SAMI2 model in order to verify the
long-term behavior of the parameters of interest, e.g., the
ionospheric vertical drift and peak height of the F2 layer
(hmF2). The calculation of the hmF2 parameter was inserted
as a subroutine inside SAMI2; furthermore, a daily loop was
included in order to introduce real day-to-day data of F10.7
solar index. The calculation of hmF2 is performed through
an algorithm of critical value search in the density profiles
for each time step and latitude. Once the index of the verti-
cal density array is localized, the altitude of this peak may be
determined. The values of F10.7 were obtained from SPDF
OMNIWEB database (https://omniweb.gsfc.nasa.gov/, last
access: 23 August 2017), and more realistic continuous pro-
files of vertical drift and hmF2 were achieved.

A run of SAMI2 covering September 1998–
December 2014 was performed over an equatorial latitude,

Ann. Geophys., 36, 565–576, 2018 www.ann-geophys.net/36/565/2018/
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Figure 4. (a) Monthly averaged values of vertical drift as obtained from SAMI2 model for the period of September 1998–December 2014
in the time interval in which PRVD takes place. (b) Monthly averaged values of hmF2 as obtained from SAMI2 model for the period of
September 1998–December 2014, starting before PRVD.

and monthly average values considering geomagnetic
equatorial latitude were calculated for both parameters, i.e.,
the vertical drift and hmF2. These averaged values were

obtained by considering

ndays∑
i=1

χ

ndays , where χ is the parameter
considered (vertical drift or hmF2) and “ndays” the number
of the days in each month.

Figure 4 shows the profiles of the vertical drift and hmF2
for the entire period (September 1998–December 2014) as
obtained from SAMI2. The profile for each month provides
one value resulting from the average calculation. In Fig. 4a
the plot exhibits the vertical drift in the time interval where
PRVD takes place. It shows a clear pattern which starts to
increase from September to October and from November to
February (also in Fig. 5b). Then it starts to decrease from
March onwards. Such a pattern is stronger around the max-
imum phase of the solar cycle 23 (e.g., 1999–2003), but
becoming considerably modest around the solar maximum
years of cycle 24 (e.g., 2011–2014). This seasonal variability
may be explained in terms of the effects of the geomagnetic

declination angle (Abdu et al., 1981, 1992; Batista et al.,
1986) and in the variations of the solar cycle. Figure 4b ex-
hibits a surface plot which shows that the hmF2 values (from
18:00 LT onwards) follow the same trend, with increasing
values in the periods of September–October and November–
February, and descending values after March. One may no-
tice that the time at which hmF2 starts to maximize in each
month (∼ 19:15 LT, denoted by the dashed white line) is
usually later than the PRVD onset time (∼ 18:30 LT for the
region of interest). These results indicate that some of the
major rulers of the irregularity phenomenology in the iono-
sphere are seasonally dependent, suggesting an intensifica-
tion or mitigation of the scintillation occurrence according to
their seasonal distribution. While the prereversal vertical drift
is largely accepted as the major contribution to the presence
or absence of density irregularities, the hmF2 parameter may
indicate a more unstable ionosphere placed in more elevated
altitudes where the critical parameter for the RTI, i.e., the col-
lision frequency, decreases significantly. However, the hmF2
contribution will not be discussed in detail since the results

www.ann-geophys.net/36/565/2018/ Ann. Geophys., 36, 565–576, 2018
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Figure 5. (a) Percentage of links affected by scintillation during September 1998–December 2014). (b) Vpk values as calculated through
monthly average given by SAMI2 model. (c) Solar F10.7 index average values for the period under consideration.

obtained suggest usual values and a later maximum (white
dashed line on Fig. 4b) and in this initial approach the main
interest is in the onset times; thus PRVD is a more decisive
parameter. Such additional implications must be investigated
in the near future.

5 Results and discussion

In this section a comparison between S4 data (Septem-
ber 1998–December 2014) and long-term SAMI2 simula-
tion results (PRVD and Vpk) is presented. Figure 5a is shown
the monthly averaged percentage of satellite links affected
(S4 > 0.2) by scintillations. The colors (from blue to red) in-
dicate increasing values of scintillating satellite signals, as
described by the colored bar on the right side of the panel.
The coral curve and the green curve in the plot denote, re-
spectively, the onset and the ending of the S4 activity. As
discussed in Sect. 3, a clear pattern is shown in every year,
revealing that the onset time always occurs earlier during
October–November than during December–February. Fig-
ure 5b shows the result of the peak of PRVD (Vpk) as ob-
tained from SAMI2 for the same period presented in Fig. 5a.
One may notice from Fig. 5a and b that larger Vpk values im-
ply earlier onset of scintillation (S4) activity and vice versa.
A complementary panel (Fig. 5c) is offered showing the av-
erage F10.7 during the period. A dependency of the S4 per-
centage with the solar index F10.7 is clearly present, as well
as a relation between F10.7 activity and Vpk values. A break
in the axis exists due to the gap in S4 data between 2006 and
2010 as already mentioned in Sect. 3.

Figure 6 shows the monthly averaged time of occurrence
of Vpk obtained from SAMI2. Additionally, for comparison
purposes, this plot shows in the coral curves the scintilla-
tion onset pattern across the months (September–March) for
each year. It should be pointed out that this is an illustra-
tive comparison to show the similarity in the behavior of
the patterns in terms of monthly distribution (x axis); how-
ever, the S4 onset time pattern has no relation to the y axis
in Fig. 6. One may notice that the time of Vpk and the time
of scintillation onset activity follow exactly the same trend
(blue dashed line elucidates the phase alignment). It must be
said, however, that the temporal shift is different, i.e., the
phase of the temporal occurrence is aligned, although the
magnitude of temporal deviation is different: while S4 may
vary ∼ 40 min from November–February, Vpk varies at most
∼ 18 min. Once more, there is a gap between 2006–2010 due
to the absence of S4 data.

The role of the PRVD on the onset of RTI leading to the
formation of EPB structures and, consequently, to the pres-
ence of the irregularities producing scintillation is already
known either in the form of preconditioning (e.g., Abdu,
2001; Abdu et al., 2009) or in the form of seeder (Wood-
man, 1994; Sousasantos et al., 2013). The PRVD is respon-
sible for altering some critical parameters of the equatorial
ionospheric plasma, such as the collision frequency between
ions and neutrals and the density gradient. Under the ac-
tion of PRVD the instability RTI may find adequate ambient
to grow. Results from Fig. 6 show that in addition to these
known features, there is an apparent dominant trend which
must be considered, especially for the forecasting of S4 scin-
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Figure 6. Temporal variation of Vpk and S4 activity onset. The red circles denote the local time of Vpk occurrence, and the coral curves
represent the pattern of S4 activity onset. The dashed blue line shows the clear phase correspondence between Vpk time and S4 activity onset.

tillation, which is related to the variation of the time of Vpk
occurrence throughout the months. The coincident trend be-
tween both the time of Vpk and the time of scintillation on-
set, considering a large number of observational data, is no-
ticeable and may offer some appreciable information for a
forecasting tool. Two elucidative examples of such a depen-
dent pattern are the curves in Fig. 6 representing the years
of 2002–2003 and 2012–2013. In the case of 2002–2003, a
more pronounced minimum may be clearly noticed in both
the time of Vpk occurrence and the time of S4 onset activ-
ity, i.e., both started earlier for a longer time than normally
expected. In the case of 2012–2013, the opposite happened,
i.e., the time of Vpk occurrence and the time of S4 onset ac-
tivity started later than the usual behavior, following exactly
the same trend.

The RTI instability usually takes some tens of minutes to
grow into a mature EPB structure that reaches altitudes where
it may efficiently be mapped to off-equatorial latitudes. How-
ever, a more severe scintillation scenario probably corre-
sponds to the presence of multiple EPB structures covering a
broad region in the low-latitude skies. Secondary EPB struc-
tures usually appear westward from the primary structure
and may occur for a long time after the primary EPB rising
(Tsunoda, 2015). Furthermore, EPB structures are frequently
found in clusters and rarely as a single structure manifesta-
tion, and thus the time delay between the Vpk occurrence and
the register of severe scintillation in low-latitude regions are
in good agreement with the expectations. Moreover, earlier
rising of the F layer associated with increasing magnitudes
of Vpk, as is the case, may compose a more convenient sce-
nario for larger growth rates of the instability leading to the
presence of scintillation during earlier hours in the evening.

Recently, some efforts have been made in the attempt to
predict EPB structures and/or scintillation (e.g., Retterer et
al., 2005; Retterer, 2005; Kelley and Retterer, 2008; Rezende
et al., 2010; Redmon et al., 2010; Carter et al., 2014a, b;

Sousasantos et al., 2017). These works essentially deal only
with the existence (or nonexistence) of EPB structures and/or
scintillation; however, according to the results presented in
Fig. 6, a more complete scenario about EPB and/or scintilla-
tion generation must include the variation of time of Vpk oc-
currence, especially in the case of use for technological and
aeronautic applications where temporal location is highly de-
sirable.

Abdu et al. (2010) presented observational data and model
results showing that Vpk is highly dependent on the F10.7 in-
dex and may vary considerably over the Brazilian region un-
der different solar flux conditions. Figure 7a shows the values
of Vpk obtained from SAMI2 model plotted against the solar
flux F10.7 data for the period under consideration. A linear
correspondence may be verified and the red line elucidates
this trend, which may be described in terms of the following
linear approximation:

V pk = 0.2224(F10.7)− 6.513. (2)

This approximation based in the dataset presented here is
considerably close to the approximation proposed by Fejer et
al. (1991) (summer panel in Fig. 3 in their paper); however,
there are few differences since their equation was describing
the Vpk over Jicamarca using radar data.

Following this, Fig. 7b shows an analysis of the empirical
probability distribution of scintillation occurrences through-
out the months (colored bars) of the years where the data
from the sequence of 7 months from September to March
were available. For the periods of 2000–2001, 2003–2004,
2004–2005 and 2011–2012, eventually there were gaps in
the receiver acquisition for some months; therefore for those
years no empirical distributions were computed and conse-
quently they are not exhibited in Fig. 7b. In red filled cir-
cles the average value for each month is depicted. A pattern
may be noticed (red solid line) and it starts increasing from
September, reaching its maximum in November, presenting

www.ann-geophys.net/36/565/2018/ Ann. Geophys., 36, 565–576, 2018
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Figure 7. (a) Vpk values obtained from SAMI2 model plotted against the solar flux F10.7. (b) Empirical probability distribution of scintilla-
tion occurrences during the season from September to March. (c) Comparison between the average patterns of the empirical distribution of
scintillation occurrences and the Vpk values.

a gradual decrease during December to March. The pres-
ence of EPB structures or scintillation is very rare over the
Brazilian region during April–August, and then this scintilla-
tion activity through the months is in agreement with Sobral
et al. (2002) and Moraes et al. (2017b). Figure 7c shows a
comparison between the averaged empirical probability dis-

tribution and the average trend of the Vpk values. The corre-
spondence throughout the months may be noticed and seems
to indicate a good agreement between the magnitude of Vpk
and the subsequent occurrence of the scintillation across the
months of the year.

Ann. Geophys., 36, 565–576, 2018 www.ann-geophys.net/36/565/2018/
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Figure 8. Approximation proposed for maximum percentage of links affected according to Vpk values (blue line) and the monthly time
variability of the S4 activity onset (red curve).

For practical purposes, it is desirable to obtain some ex-
pression for estimation of the percentage of links affected in
terms of F10.7 mainly because these data are, often, of easy
access and daily values may be obtained and used for a fore-
cast attempt. However, once S4 activity magnitude and onset
time depends greatly on the Vpk profile (magnitude and time
of occurrence), an approximation using this parameter seems
to be the most adequate approach. Furthermore, Vpk is a pa-
rameter with more direct implications in the phenomenology
under study and it is also related with F10.7. Based on the
Vpk values from the simulations performed and on the field
measurements on percentage of links affected, the following
approximation may be adopted (with coefficient of determi-
nation= 94.2 %):

(%L.A.)= 6.47× 10−4(Vpk)
3
− 7.59× 10−2(Vpk)

2

+ 3.74(Vpk)− 54.74. (3)

Since the real percentage of links affected depends on many
factors (the number of available links, geomagnetic condi-
tions, winds circulation, etc.), Eq. (3) is one of the possible
approximations and is valid strictly for similar conditions.
This initial approach must be improved by introducing more
parameters and real vertical drift data. In the meantime this
equation may help users of GPS systems to estimate the sce-
nario once information of Vpk is obtained.

Finally, Fig. 8 shows the results of the approximation
given by Eq. (3) (blue curve related with the blue axis) as
well as the time onset of S4 activity (red curve related with
the red axis) calculated from the dataset and already listed
in the Table 1. It is possible to realize that values of Vpk >

22 ms−1 may provide a favorable scenario to the generation
of EPB structures and/or scintillation (blue curve) as pointed
out by Abdu et al. (2009); moreover, values from such orders
of magnitude usually correspond to F10.7> 80 s.f.u. (Abdu
et al., 2010), where s.f.u. stands for solar flux units. Further-
more, one may notice that values of Vpk ≥ 80 ms−1 impose

extreme conditions, causing a large amount of links degra-
dation (90–100 % of L.A.). These values of Vpk are usually
verified over the Brazilian region during severe solar cycles
with strong solar flux (Abdu et al., 2010). Thus, it is reason-
able that they correspond to the worst scenario for the satel-
lite communication.

The red curve (related to the red axis) provides informa-
tion about the trend of the onset time variation of S4 activity
found in the dataset. As mentioned before, there is a clear
pattern in the scintillation (S4) activity, which shows onset
times starting earlier (September–November) and gradually
later (December–February), with a decrease in March. The
usage of the information contained in this figure may support
technological applications and civil aviation users for aug-
mentation systems like GBAS, since it may offer a prelimi-
nary tool to predict scintillation severity and both parameters
are given, i.e., the percentage of links affected (blue curve)
and the onset time according with the month under consider-
ation (red curve). It should be mentioned that this result has
been obtained during geomagnetic quiet conditions and may
be significantly altered during storm time periods.

In cases where Vpk information is not available, assuming
the linear relation between Vpk and F10.7 given in the Eq. (2),
after a few algebra steps a simplified equation may be found
in terms of F10.7:

[%L.A.(F10.7)] = 7.11× 10−6(F10.7)3

− 4.38× 10−3(F10.7)2

+ 1.07(F10.7)− 42.50. (4)

This simplified relation presents a more saturated behavior,
reaching∼ 70 % of links affected for the higher values of so-
lar flux usually registered (∼ 250 s.f.u.). However, the usage
of F10.7 parameter may be of easy access and may supply
the absence of Vpk information, even though the Eq. (3) is
recommended and Eq. (4) may be assumed as a lower bound
approximation.
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For a more realistic result, the approaches presented here
may be improved by including a long-term Vpk data calcu-
lated through data obtained from digital ionosonde measure-
ments.

The ionosonde data could express more realistically the
ionospheric dynamics over Brazilian region where some
unique features take place. Moreover, other controlling fac-
tors, which may play an important role in the generation of
the scintillation-producing irregularities, could be addressed,
such as the base and peak heights of the equatorial F layer
after sunset (Manju et al., 2007), the time duration of the
post-sunset upward drift associated with PRVD and its time
reversal to downward (Carrasco et al., 2005), the thermo-
spheric meridional wind effects (Abdu et al., 2006), and the
spatial gradients of the ambient electron density (Muella et
al., 2010). Furthermore, some models, such as the latest ver-
sion of IRI, offer some additional hmF2 calculations which
may present improvements to the results. A more detailed
analysis by considering other important features of the scin-
tillation activity is planned for a future work.

6 Conclusion

This work presented and discussed the climatology of the
scintillation onset over southern Brazil, in a station located
in Cachoeira Paulista, a place under the southern crest of the
equatorial ionization anomaly. This study showed that GNSS
L band amplitude fluctuations present a pattern in the onset
time of scintillation detection. During the months of October
and November scintillation starts around 20:00 LT, whereas
for the months of January and February there is a delay in
comparison with those months and scintillation starts around
20:40 LT. This feature was observed recurrently during the
periods of high-scintillation activity that occurred through-
out the months of September–March from 1998 to 2014. The
signature pattern at the scintillation onset time observed here
in this work is for GPS-L1 signals. However, as shown in
Moraes et al. (2017a), the average scintillation onset time
value for GPS L2C (1227 MHz) and L5 (1176 MHz) signals
are very similar to those for L1. Therefore it is reasonable to
expect, by analogy, the same pattern in the scintillation onset
time observed for these new civil GPS signals.

Using SAMI2 model long-term profiles of the prereversal
vertical drift were obtained and monthly averaged values of
its peak were calculated. The comparison of the Vpk magni-
tudes with the scintillation data shows a close relation, and
the onset time of the scintillation activity was found to vary
inversely to the increasing values of Vpk. Moreover, profiles
of the time of Vpk occurrence shows a tight correspondence
with the onset time of scintillation activity during the whole
dataset results from 2002–2003 and 2012–2013 are remark-
able examples of this relation.

An approximation for the scintillation activity forecast
based on the Vpk values and our dataset was proposed (Eq. 3),

and afterwards a simplified expression in terms of F10.7
(Eq. 4) is presented by assuming a linear relation between
F10.7 and Vpk as given by the Eq. (2).

Finally, the temporal characterization of the ionospheric
irregularities presented in this work may aid, for example,
GBAS services in the supply of navigation and precision ap-
proach services in the immediate vicinity of the airport, ex-
periencing more precisely the time at which the service may
be affected. Additionally, the empirical equations proposed
here may also help in the forecast (based on the Vpk informa-
tion and/or solar flux data) of the ratio of satellite links that
may be vulnerable to the effects of scintillation simultane-
ously, watching over unavailability issues. The analysis and
approximations proposed may also be used for oil extraction
maritime stations positioning or precision agriculture since
simplifications were performed to make the equations and
parameters more accessible.

The variation of Vpk magnitude in the Brazilian region,
whose declination is large in comparison with other regions
of the globe, is directly related with the alignment of the so-
lar terminator with the magnetic field lines (Batista et al.,
1986); thus, the subsequent phenomenology (e.g., EPB struc-
tures and the presence of scintillation) is dependent on this
geometry. Highly aligned conditions favor the maintenance
of larger electric fields during the nighttime which in turn
imply larger Vpk values and faster evolution of EPB struc-
tures and scintillation spread along field lines. In future work,
additional data from digital ionosonde and more physical pa-
rameters must be incorporated into this approach, in order to
provide an improvement to the description of these peculiar-
ities over the Brazilian region and advances in the prognostic
equations.
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