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Solar Cycle Dependence and Seasonal Variation
of lonospheric Radio Scintillations
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Abstract — The importance of studying ionospher-
ic phenomena increases as society modernizes and
makes use of technologies that require the usage of
orbiting satellites. Their signals suffer scintillation at
the ionosphere due to its irregularities. This work aims
to quantify the moderate to strong scintillations at three
different regions (magnetic equator and its southern and
northern regions) during a full year of solar minimum
and maximum. Its occurrence increases substantially
with solar activity and is higher at the regions of
Equatorial Ionospheric Anomaly crests. There is also an
important increase of scintillation during the months of
spring and summer of the southern hemisphere.

1. Introduction

Modern society increasingly depends on technol-
ogy such as the Global Navigation Satellite System
(GNSS), with satellites orbiting the Earth at around
20,000 km altitude that communicate with ground
receptors through radio signals. These signals, when
crossing the ionosphere, from 70 to over 1000 km of
altitude, can be subject to amplitude or phase scintil-
lations, caused by ionospheric irregularities [1]. These
irregularities can be in the form of plasma-depleted
structures, known as plasma bubbles, which develop at
the magnetic equator after sunset and rise up to altitudes
higher than 1200 km. After that, the plasma bubbles
propagate to the regions of the crests of Equatorial
Ionospheric Anomaly (EIA), at around 15°-20° from the
magnetic equator, north and south, where the most
intense scintillations are expected to occur [2].

In this study, we collect data from Global
Positioning System (GPS) receivers in three regions of
South America to investigate the amplitude scintilla-
tion’s difference between solar minimum and maxi-
mum, between the EIA crests and the magnetic equator,
and between seasons of higher and lower occurrence.
Although these differences have been previously
studied [e.g., 2-6], these investigations have been done
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qualitatively, and the novelty of this study is their
quantification, covering a full year of solar minimum
and solar maximum at the magnetic equator and
northern and southern crests of EIA.

2. Data and Method

The data used in our investigation are provided by
the Low-Latitude Ionospheric Sensor Network (avail-
able at http://lisn.igp.gob.pe). The investigation is done
using the amplitude scintillation of the GPS signals
received at Boa Vista (BOA; dip angle 18.6N) and
Cuiaba (CUI; dip angle 17.5S), representative, respec-
tively, of the northern and southern EIA crests and
Huancayo (HUA; dip angle 00.3S) at the magnetic
equator. The dip angle considered here is for January
2015. Figure 1 shows the location of the GPS stations
used in this study and the magnetic equator line. The
GPS data used to characterize the scintillations during
solar minimum are of the year 2019 for BOA and 2009
for HUA and CUI and during solar maximum are of the
year 2012 for BOA and CUI and 2014 for HUA. The
reason we chose the selected stations and years is to
have the largest availability of data as possible. Figure 2
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Figure 1. South America map showing the location of the GPS

stations used. The dashed orange line refers to the magnetic equator,
provided by the International Geomagnetic Reference Field (IGRF-12)
model for 2015.
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Figure 2.  Sunspot number from 2009 and 2019 (orange line refers to

the smoothed monthly values). Data provided from Space Weather
Prediction Center/National Oceanic and Atmospheric Administration.
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shows the sunspot number from 2009 to 2019 (solar
cycle 24), which presents the similarities of solar
activity between 2009 and 2019 (solar minimum) and
2012 and 2014 (solar maximum).

The investigation is done using the S4 index,
which is related to the amplitude scintillation averaged
over 60 s, given by the GNSS receivers every 60 s
period. We used only the satellites with elevation angles
above 30° to minimize errors due to multipath [7], and
the S4 index was verticalized using the equations given
by [8] in order to account for geometrical effects on the
measurements due to different elevation angles.
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Figure 3.

S4 index measured during solar minimum years at BOA (northern EIA crest), HUA (magnetic equator), and CUI (southern EIA crest).
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Figure 4.

3. Results

Figure 3 shows the S4 behavior during the years
of minimum solar activity. The S4 index shows a
predominance of values <0.2 all over the year in the
three regions, EIA crests, and magnetic equator. But
during the equinox months (February—March and
October—November), the S4 increases, reaching ~0.4
values in the EIA crests. Every minute, each station
furnishes S4 measurement information from around
eight to 12 satellites, which gives at least 4 million
values of measurement. The number of satellites with
elevation angle over 30° is 50% on average, around at

S4 index measured during solar maximum years at BOA (northern EIA crest), HUA (magnetic equator), and CUI (southern EIA crest).

least 2 million. From this amount, the total number of
measurements in which S4 was over 0.2 was 2195 at
BOA, 135 at HUA, and 965 at CUI, which means that
the occurrence of scintillations from moderate to strong
was higher at the crests of EIA. It is also possible to
observe that the scintillation increases during the
equinox months. The number of measurements of S4
>0.2 during the months of February, March, October,
and November together was 1759 at BOA (80.1% of the
total of the year), 71 at HUA (52.6% of the year), and
898 at CUI (93.1% of the year). The months of February
and March happen right before and at the autumnal
equinox (March 20), and the months of October and



November happen right after the spring equinox
(September 22) in the southern hemisphere.

Figure 4 shows the S4 index variation during
years of maximum solar activity. In this case, the S4
index present values <0.2 only from May to August,
during the winter time. But now, the S4 index is very
intense from September to April at EIA crests and only
during equinoxes at the magnetic equator. The number
of measurements of S4 >0.2 was 68,189 events at BOA
(33.6 times higher than solar minimum), 5219 at HUA
(58.0 times), and 25,547 at CUI (27.9 times). There is,
therefore, an important dependence between amplitude
scintillation and solar activity. The moderate to strong
scintillations, in this case, are also higher at the EIA
crests. The occurrence of scintillations during the
equinox months also increased during these years. The
number of S4 >0.2 during the months of February,
March, October, and November together was 41,331 at
BOA (60.6% of the total of the year), 4466 at HUA
(85.6% of the year), and 17,355 at CUI (67.9% of the
year). The dependence on solar activity and on
seasonality agrees with previous work, such as [9] from
Oceania and [10] from the Asian sector. In the South
American sector, [11] found similar results using an
hourly analysis from a previous solar cycle. Figure 4
also shows that the occurrence of scintillation was
significantly higher at BOA than CUI. Investigations
such as [12] show that the asymmetry between northern
and southern crests of EIA may be due the longitudinal
displacement of the magnetic equator compared with
the geographic equator, which is higher than the
declination angle, producing a large north-south differ-
ence in the effective meridional wind velocity.

4. Conclusion

The most important remarks we found in our
investigation are the following:

¢ The occurrence of S4 index with values above
0.2, which are moderate to strong scintillations,
increases substantially when the solar activity
increases. In the years analyzed, the number of
measurements during the solar maximum in-
creased from around 30 to 60 times compared
with solar minimum.

® The occurrence of scintillations is higher at the
EIA crests, varying from around 5 to 20 times
higher compared with the magnetic equator,
with an asymmetry between northern and
southern crests possibly due the longitudinal
displacement of the magnetic and geographic
equators, which produces a difference in the
effective meridional wind velocity.

® During the months of February, March, No-
vember, and December (near the equinox
months), the occurrence of scintillation is much
higher, varying from around 5 to 25 times
higher compared with other months.
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The increase of scintillations during the solar
maximum, especially during the equinox months, is due
to the enhancement of the ionization during these
periods of time. This ionization is located at the
background of the equatorial plasma bubbles, which
are formed after sunset, when the prereversal enhance-
ment of the eastward electric field takes place and
enables the growing of Rayleigh—Taylor instabilities.
These instabilities favor the intensification of the
irregularities, especially at the EIA crests, and the
amplitude scintillations occur more frequently [13—16].
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