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1. THE IONOSPHERE PROBLEM IN GLOBAL NAVIGATION 
SATELLITE SYSTEMS (GNSS) 

Ionospheric refraction is one of the most significant sources 
of error for GPS positioning and navigation [1]. It causes an 
increase in the path taken by the electromagnetic signal between 
the satellite and the terrestrial receiver. This error depends on the 
values of the signal frequency and the Total Electron Content 
(TEC) presented in the ionosphere plasma. The TEC is the main 
parameter to evaluate the behaviour of the ionosphere. 
Depending on its ionisation level, the measurement error can 
vary from a few meters in location to the loss of the signal link. 
The ionisation level of the ionosphere plasma is directly related 
to the geomagnetic field and solar radiation. This paper presents 
that it is possible to correlate the behaviour of TEC, measured 
with GPS P3 method, to the number of sunspots of the 25th solar 
cycle. For this purpose, Section 2 presents the method GPS P3 
used for the realisation of Universal Time Coordinated (UTC), 

while Section 3, reports considerations of temporal and spatial 
variations of Brazil's southwestern area and the mathematical 
modelling. Results and analysis are contained in Section 4, while 
Section 5 reports the conclusions.  

2. THE METHOD GPS P3 OF TIME AND FREQUENCY 
TRANSFER AND THE MEASUREMENT OF IONOSPHERIC 
DELAY 

To acquire compliance with services demanding precise 
synchronisation, such as energy distribution, 
telecommunications systems, and financial processes in stock 
exchanges, local time scales designated as UTC(k) are utilised. 
These scales play a crucial role in the preparation of UTC, a 
globally accepted time standard overseen by the Bureau 
International des Poids et Mesures (BIPM). 
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Daily, local UTC(k) establishes transmission of standardised 
information to the BIPM. Subsequently, the BIPM processes and 
calculates the Echelle Atomique Libre (EAL) or Free Atomic Scale, 
which is aligned with the definition of the second within the 
International System of Units (SI). The EAL is steered by a 
comparison with highly accurate primary and secondary 
frequency standards. This process ultimately yields International 
Atomic Time (TAI) [2]. 

The final step involves a comparison between UTC and 
Universal Time (UT1), which is based on the Earth’s rotation. If 
a discrepancy larger than 0.9 seconds is detected, an additional 
second, known as a “leap second”, is introduced to maintain 
synchronisation with the non-uniform time derived from the 
Earth’s rotation [2]. 

At the end of the UTC process, the BIPM releases a 
document called Circular T which presents the time difference 
of each local time scale with UTC, allowing the participating 
laboratories to apply corrections so that their time scales remain 
close to UTC [3]. In Brazil, the National Institute of Metrology, 
Quality, and Technology (INMETRO) contributes with the 
physical realisation UTC(INXE) to the calculation of the UTC. 

GNSS satellites are used in the UTC calculation process. They 
have embedded atomic clocks that make it possible to compare 
the time scales and the realisation of the UTC. The local time 
scales, UTC(k), are compared to GNSS system time (GNSS time) 
using geodetic receivers connected to 1 PPS (pulse per second) 
and 10 MHz outputs of the time scale. Considering the difference 
related to a common GNSS time, two or more laboratories can 
compare their time scales. This setup allows the generation of the 
CGGTTS (CCTF Group on GNSS Time Transfer Standards) 
file, whose main function is to standardise the comparison of 
time scales. The concept of time and frequency transfer is shown 
in Figure 1. 

The CGGTTS file has been widely used as a standard format 
for time and frequency analysis using GNSS receivers. It covers 
the satellite constellations such as GPS, Glonass, Galileo, and 
Beidou. The CGGTTS files predict eliminating ionosphere delay 
at the first-order effects by combining the GPS signals' P1 and 
P2 codes [4]. This technique is known as P3 code or ionosphere-
free code and allows to detect and correct up to 90% of the 

ionospheric effect [5]. Figure 2 shows the table within a 
CGGTTS file.  

Measurements are sampled every 30 seconds and are 
consolidated into blocks of 16 minutes. The average number of 
satellites observed per measurement interval varies according to 
the line of sight (LOS), the system configuration, and installation. 
It is common 5 to 10 satellites per block being measured for 
GPS. The information used for the analysis of ionospheric delay 
and calculation of the TEC is shown in Figure 2, highlighted in 
the green columns, and it is described as: 

• MJD: Modified Julian Day; 

• STTIME: STart TIME of the measurement interval in 
hours, minutes, and seconds; and 

• MSIO: MeaSured IOnospheric Delay of L1 signal 
(1.575,42 MHz) of GPS. 

3. THE TOTAL ELECTRON CONTENT (TEC) IN THE 
SOUTHEASTERN REGION OF BRAZIL 

The ionosphere is located between 50 to 1000 km altitude, 
and its composition is made up of electrically charged particles 
called ions. It has a density capable of altering the propagation of 
electromagnetic waves [6]. The Total Electron Content (TEC) 
represents the number of electrons in the electromagnetic 
signal's path between the satellite and the terrestrial receiver [7]. 
TEC is measured in a unit of 1016 electrons per m2, equivalent to 
1 TECU (TEC Unit). 

The ionisation level of the plasma mainly depends on the solar 
radiation and geomagnetic conditions of the region, namely, the 
higher the intensity of solar radiation and the lower the intensity 
of the magnetic field of the area, the greater the error caused by 
ionospheric refraction in the electromagnetic signal. Brazil's 
southeastern region has a lower magnetic field intensity due to a 
magnetic anomaly known as South Atlantic Magnetic Anomaly 
(SAMA). The summer period (December to March), where the 
intensity of solar radiation is higher than the other periods of the 
year, associated with SAMA presents a scenario that contributes 
to a significant error caused by ionospheric refraction. 

3.1. South Atlantic Magnetic Anomaly (SAMA) 

The UTC(INXE) is in the district of Xerém, municipality of 
Duque de Caxias (RJ) (22º S; 45º W), which is considered an 
ionospheric geographical region of low latitude. However, this 
region has a high level of electron density [6], similar to an 
equatorial latitude, due to an anomaly. The phenomena related 
to the Equatorial Ionisation Anomaly (especially in periods of 
more significant solar activity) can occur in this region, which 
presents a peak in electron density in the afternoon and a second 
peak at dusk [8]. 

The Earth's magnetic field acts as a shield against electrically 
charged particles coming from space. Depending on the intensity 
of these particles, a change in the density of terrestrial electrons 
occurs. This can affect the ionosphere, causing, consequently, 
impacts on the signal links between satellites and terrestrial 

 

Figure 1. Concept of time and frequency transfer (from the author). 

 

Figure 2. Table of a CGGTTS file (from the author). 
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receivers [9]. According to the International Geomagnetic 
Reference Field (IGRF), an example of the total strength of the 
magnetic field is shown in Figure 3. 

The IGRF is updated every five years and describes the field 
from 1900 to 2025 [10]. Figure 3 shows the SAMA localised in 
Latin America, especially in Brazil. This region has a lower 
magnetic field intensity than the rest of the planet. In SAMA, the 
particles spiral in the magnetic field lines at around 100 km 
altitude, while for other regions, this process occurs at about 600 
km altitude [11]. 

3.2. Solar activities and the 25th solar cycle 

The Sun, responsible for the source of radiation, presents 
cycles of short and long-duration activities. Long-term cycles 
average 11 years and emit more radiation in specific periods. At 
the peaks of solar cycles, events such as explosions and ejections 
of coronal masses become more frequent. These events release 
amounts of charged particles that reach the Earth and cause 
disturbances in the geomagnetic field. Typically, solar flares are 
associated with the most active regions of the solar surface, 
identified as sunspots. 

Thus, one way to monitor the solar cycle is through the 
number of sunspots. At the beginning of the cycle, the number 
of sunspots is minimal; at the apex, the number of sunspots is 
maximum [12]. The 25th Solar Cycle, which began in mid-2019, 
is currently in progress. Figure 4 presents a history of the last 
three solar cycles containing the curves of the amounts of 
sunspots (black colour) and the prediction of the current and 25th 
solar cycle. The current cycle shows a behaviour above the 

expected since the number of sunspots measured is above the 
predicted values and range. 

Ionospheric refraction depends on the frequency of the signal 
that travels through it as well, according to 

𝑣 =
40.3

𝑐 𝑓²
∙ 𝑇𝐸𝐶 , 

(1) 

where 𝑣 is the ionospheric delay in s, 𝑐 the speed of light in 
(m/s), 40.3 a constant [m³/(s² electrons)], f the wave frequency 

in (1/s) and 𝑇𝐸𝐶 the Total Electron Content in (electrons/m²). 
Equation (1) shows that the delay is inversely proportional to 

the square of the frequency. Even for a GPS using a relatively 
high frequency of the L1 signal at the value of 1.575 GHz, it may 
suffer a significant ionosphere delay. 

3.3. VTEC calculation using GPS P3 method 

Considering that the elevation of the satellites varies 
depending on their location, the distances between the receiver 
antenna and the satellites also vary. Consequently, the TEC 
values will vary proportionally. In such sense, the single-layer 
ionospheric model (SLM) [14] concept is generally applied in 
ionosphere modelling research derived from GNSS. SLM 
considers that all free electrons are concentrated in a layer of 
infinitesimal thickness. The altitude of this layer varies according 
to the model adopted by each tool, with values between 350 km 
and 450 km being common. 

The layer's altitude defines the location of the ionospheric 
point or IPP (Ionospheric Pierce Point), which is the point of 
intersection in the line of sight between the satellite and the 
receiver, which passes through this layer. The projection of the 
IPP on the Earth's surface is called the sub-ionospheric point 
[15]. Thus, using the SLM concept, which considers that all 
electrons are concentrated in the layer, and determining the 
coordinates of the ionospheric point, it is possible to generate a 
grid with the TEC values distributed over the layer. One way to 
apply the SLM is by using the trigonometric function, described 
according to [14]: 

𝐹I(𝑧) =
𝐸

𝐸𝑣

=
1

cos z′
 , 

(2) 

where 𝐸 and 𝐸𝑣 are the TEC values contained in the line of 
sight (between the satellite and the receiver antenna) and in the 

 

Figure 3. Total magnetic field strength [10]. 

 

Figure 4. Solar cycle sunspot number progression [13]. 
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vertical projection of the IPP, respectively. To calculate cos 𝑧′ it 
is necessary to calculate sin 𝑧′first, according to 

sin(𝑧) =
𝑅

𝑅 + 𝐻
∙ sin(𝑧′), 

(3) 

where 𝑧 and 𝑧′ are the zenith angles at the terrestrial receiver 

antenna and at the IPP, 𝑅 is the radius of the Earth and 𝐻 is the 
height of the simple ionospheric layer of the Earth. 

Figure 5 illustrates the SLM concept where IPP is the 
intersection in the line of sight between the receiver and the 
satellite, the sub-ionospheric point is the projection of the IPP, 

H is the altitude of the single layer and 𝛼, 𝑧, and 𝑧′ are the angles. 

The geographical latitude (𝜙ip) and longitude (𝜆ip) of the IPP, 

at a given altitude (ℎip), are obtained from the azimuth and 

elevation angles of the GNSS signal according to [16], [17]: 

𝜙ip =  arcsin[ sin 𝜙𝑟 cos 𝜓 + cos 𝜙𝑟 sin 𝜓 cos 𝐴𝑧] (4) 

𝜆ip =  𝜆r +  arcsin [
sin(𝜓) sin(𝐴𝑧)

cos(𝜙𝑖𝑝)
] 

(5) 

with 

𝜓 =  
π

2
− 𝐸𝑙 −  arcsin [

𝑟e

(𝑟e +  ℎip)
cos(𝐸𝑙)], 

(6) 

where 𝜙r and 𝜆r are the latitude and longitude of the terrestrial 

receiver in radians, 𝑟e is the radius of the Earth equal to 6371 km, 

𝐴𝑧 and 𝐸𝑙 are the azimuth and elevation angles of the GNSS 

signal in radians, and ℎip is the altitude of the IPP layer (usually 

350 km or 450 km). 

4. EXPERIMENTS, RESULTS, AND ANALYSIS 

The concept of SLM were necessary to calculate the “vertical” 
ionospheric delay to obtain the respective VTEC, according to 
Equation 2. Then, using the elevation, azimuth, and altitude of 
each signal and the single layer equal 450 km, the location 
coordinates of the sub-ionospheric point are determined. 
Considering that the sub-ionospheric points are at the same 
altitude as the receiver antenna, the distances of each sub-
ionospheric point about the receiver antenna are calculated. 
Thus, for each group of 16 min measurements, the average 
VTEC weighted by distances is calculated, that is, the closest 

VTEC having a more significant weight about the VTEC 
furthest from the receiver. 

For example, Figure 6 presents seven measurements (𝑑0 to 

𝑑6) relative to an interval of 16 min. Each VTEC measurement 

(Δ) has a distance 𝑑0 from the location of the NXRA receiver 

antenna, with 𝑑0 being the smallest distance and 𝑑6 being the 
largest distance. 

First, the latitude and longitude of each IPP must be 
calculated to calculate distances. For these purposes, the 
geometric method presented in equations (4), (5), and (6) is 
applied using the elevation and azimuth of each measurement, 
available, respectively, in the ELV and AZTH columns of the 
CGGTTS file. With the coordinates determined, the distances 
are calculated, and finally, the average value of VTEC 
measurements is calculated for each 16-minute interval, weighted 
by distances, according to: 

𝑉𝑇𝐸𝐶Méd Pond =  
∑ 𝐸𝑖 (

𝑑0

𝑑𝑖
)𝑛

𝑖=0

∑
𝑑0

𝑑𝑖

𝑛
𝑖=0

 

(7) 

with 𝑑0 being the shortest distance, 𝑑𝑖 being the distance to the 

IPP of satellite 𝑖, 𝐸𝑖 being the VTEC corresponding to the IPP 

of satellite 𝑖 and satisfying the condition 𝑑𝑖 <  𝑑𝑖+1. 
The total measurement uncertainty of the VTEC measured by 

the GPS P3 method for each 16-minute measurement group is 
calculated using Equation 8 

𝜎VTEC TOTAL = √𝜎VTEC B
2 + 𝜎VTEC A

2  , 
(8) 

where 𝜎VTEC A is the measurement uncertainty of Type A and 

𝜎VTEC B is the measurement uncertainty of Type B. 
Measurements were conducted over ten periods of the 25th 

solar cycle, with five occurring in the summer (January) and five 
in the winter (July), starting from 2020. The values of the MSIO 
column of the CGGTTS and equation (1) were used to calculate 
the TEC. The measurements were consolidated every hour, 
obtaining the mean and repeatability uncertainty, for an overall 
24 daily measurements. Next, the hourly and repeatability 
uncertainty averages of each hour and month were calculated 
according to Figure 7. 

It is possible to observe the behaviours related to the daily, 
annual, and seasonal variations regarding the intensity of solar 
radiation in the ionosphere. During the day, it is possible to verify 

 

Figure 5. Single Layer Model (from the author). 

 

Figure 6. Example of a group of 16-minute VTEC measurements (from the 
author). 
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that the VTEC is higher between 12 h and 24 h (summer) and 12 
h and 20 h (winter) due to the higher incidence of solar radiation. 
At other times of the day, the values are lower and more stable; 
in the summer months (except for January 2023 and January 
2024), the values remain around 10 and 30 TECU, and in the 
winter months, they stay at approximately 5 to 15 TECU. 

Regarding the behaviour of the seasons, it is observed that the 
amplitude of the values of the summer months is greater than 
that of the winter months for each year, respectively. An example 
at hand is the year 2022, where in January we have a maximum 
value of around 45 TECU, and in July, around 25 TECU. In 
2023, January had an average maximum value of approximately 
70 TECU; in July an average maximum of around 35 TECU. 
When evaluating only the months of each season, we have an 
annual increase in the amplitude between the summer months. 
In 2020, we have a maximum average value starting around 35 
TECU, followed by 40 TECU (2021), 45 TECU (2022), 70 
TECU (2023) and reaching 75 TECU (2024). Regarding the 
winter months, we started with the month of July 2020 with 
about 18 TECU, followed by a decrease to about 12 TECU 
(2021), the following year, an increase to about 25 TECU (2022), 
then another increase to about 33 TECU (2023) and ending in 
July 2024 with about 45 TECU. 

Then, for each period, the correlation was made between the 
VTEC amplitude (VTEC max – VTEC min) values and the 
number of sunspots, obtaining the graphs presented in Figure 8. 

It is possible to observe a correlation between the VTEC 
amplitude and the number of sunspots in the solar cycle. At the 

beginning of the cycle, the variation of both is slight; however, 
with the increase in the number of sunspots, the variation of the 
VTEC also sharper increase. 

5. CONCLUSION 

The experiment presented in this article highlighted that it is 
possible to correlate daily, annual and seasonal variations of the 
Vertical Total Electronic Content (VTEC) with the solar 
sunspots. 

It was also possible to correlate the monthly variations of the 
VTEC with the number of sunspots of the 25th solar cycle. It 
should be noted that this cycle presents an average of sunspots 
higher than expected, and its peak is expected to occur in the 
middle of the year 2025. In this sense, the ionosphere will affect 
even more the GNSS signals in the near future. 
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