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Abstract 15 

Ionospheric refraction introduces significant delay and fading in the electromagnetic signals. 16 

This makes the ionosphere the most harmful layer of the Earth's atmosphere to the 17 

electromagnetic signals emitted by satellites, impacting the reliability of GNSS services. 18 

Depending on the ionization level of the ionosphere plasma and the signal frequency, these 19 

errors can vary from a few meters to signal unavailability. The main factors influencing 20 

ionosphere plasma's ionization level are the intensity of solar radiation and the Earth's magnetic 21 

field. The main parameter to evaluate the behavior of the ionosphere is the Total Electron 22 

Content (TEC), existing between the satellite and the terrestrial receiver antenna. By predicting 23 

the TEC value, it is possible to predict the effects of ionospheric refraction and develop 24 

techniques to increase reliability in services that depend on GNSS. This study spans the four 25 

seasons from 2018 to 2023, utilizing measurements of ionospheric delays collected by the 26 

UTC(INXE). Daily, seasonal, and annual variations in Vertical TEC (VTEC) values are 27 

analyzed. A comparative assessment is made between the VTEC values obtained by the GPS P3 28 

method and the Ionospheric Map method for each season until winter 2023. The Analysis of 29 

Variance demonstrated the compatibility and comparability of the two methods. Additionally, 30 

this investigation explores changes in the ionosphere behavior at the UTC(INXE) location during 31 

the geomagnetic storms caused by the solar explosions on April 21, 2023. The findings provide 32 

valuable insights for the ionosphere dynamics and can contribute to developing techniques to 33 

improve GNSS services' reliability. 34 

Plain Language Summary 35 

Brazil is in a region with one of the planet's largest ionospheric activities. It is located in the 36 

equatorial area, and the presence of the South Atlantic Magnetic Anomaly (SAMA) further 37 

contributes to this characteristic. In practice, users are susceptible to more significant errors in 38 

service measurements that depend on GNSS. In addition to errors perceived directly by users 39 

through smartphones, this type of error can affect a country's critical systems, such as 40 

telecommunications, energy distribution, and financial systems. These systems require highly 41 

accurate timing to operate safely. With increasing dependence on GNSS services, the study of 42 

the behavior of the ionosphere becomes essential to guarantee adequate reliability and safety for 43 

society.  44 

1 Introduction 45 

The satellites in GNSS constellations constantly send signals towards Earth, also known 46 

as observables. However, several systematic errors may occur, such as synchronization errors 47 

between the time scales of the satellite and the receiver and errors related to signal propagation in 48 

the Earth's atmosphere (ionosphere and troposphere), among others, which hinder the direct 49 

measurement of the distance between the satellite and the user’s receiver. Therefore, pseudo 50 

distance is usually used to refer to the distance calculated by the measurements. 51 

Ionospheric refraction introduces delays in electromagnetic signal propagation, and this 52 

delay depends on the signal frequency and the Total Electron Content (TEC) present in the 53 

ionosphere. The lower the signal frequency and the higher the ionospheric TEC (or ionization 54 

intensity), the greater the refraction in the wave propagation. Consequently, the measurement 55 

error will be more significant, varying from a few units to tens of meters or even the loss of the 56 

signal link. 57 
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The ionization intensity in the ionosphere is directly related to the influence of the Earth's 58 

magnetic field and solar radiation. Because the Earth's magnetic field and solar radiation are not 59 

constant, it becomes a great challenge to predict the ionization intensity of the ionosphere and, 60 

consequently, the error caused by ionospheric refraction in the GNSS electromagnetic signal. 61 

The Earth's magnetic field and solar radiation are not constant due to several factors such as long 62 

and short-term solar cycles, Earth's magnetic anomalies and activities, seasons, time of day, 63 

location of the receiver antenna, and viewing direction, among others. These are temporal and 64 

spatial factors that affect the variation in the ionization intensity in the ionosphere, which can be 65 

verified when calculating the TEC. The study of the behavior of the ionosphere, through the 66 

determination of the TEC, makes it possible to minimize errors in the measurements of GNSS 67 

signals caused by ionospheric refraction. 68 

The Earth's tilt, translation, and rotation movements influence the intensity of solar 69 

radiation in each planet region. Thus, we have a variation in solar radiation throughout the day 70 

and the year's seasons. This variation tends to cause greater ionospheric refraction during the day 71 

and summer and less during the night and winter. The magnetic anomaly in the South American 72 

region makes it possible to carry out specific studies regarding the behavior of the ionosphere 73 

plasma. This anomaly, known as the South Atlantic Magnetic Anomaly (SAMA), presents a less 74 

intense magnetic field about the rest of the Earth and can cause peculiar ionosphere behavior. 75 

According to Komjathy (2003), cited by (Matsuoka & Camargo, 2007), Brazil is located 76 

in a region that presents one of the most significant variations in the TEC. In recent decades, the 77 

Brazilian geodetic community has carried out several studies on the variation of the TEC, taking 78 

into account the impact of the ionosphere on positioning, tracking, and related services that use 79 

GPS, according to Camargo (1999), Fonseca Junior (2002), Matsuoka and Camargo (2004), 80 

Matsuoka et al. (2004), Dal Poz and Camargo (2006), Matsuoka et al. (2006) and Silva (2006) all 81 

cited by (Matsuoka & Camargo, 2007). 82 

Using dual-frequency receivers allows the ionosphere-free combination technique to be 83 

applied, making it possible to eliminate up to 90% of the first-order ionospheric delay (ITU-T, 84 

2020). However, dual-frequency receivers are expensive and complex, and most users of GNSS 85 

services end up using single-frequency receivers, which are simpler and cheaper. Mathematical 86 

models and ionospheric maps are typically used to minimize errors caused by ionospheric 87 

refraction. For GPS, the mathematical model developed was that of Klobuchar in the 1980s, 88 

which offers around 50 % to 60 % correction of the total effect of the ionosphere (Rocha et al., 89 

2015). 90 

Ionospheric Maps can be obtained from centers contributing to the International GNSS 91 

Service (IGS) and services specialized in space weather. Global Ionospheric Maps (GIM) 92 

provide VTEC values calculated from a network of dual-frequency receivers (Rocha et al., 93 

2015), typically with a resolution of 5º x 2.5º in longitude and latitude, respectively. Initially, 94 

these services had a latency of several days, but now, some services make maps available in 95 

almost real-time and with better resolutions. 96 

This work aimed to evaluate the behavior of the ionosphere in the southeast region of 97 

Brazil from 09/23/2018 to 09/22/2023, applying the GPS P3 method of time and frequency 98 

transfer. Data from the UTC(INXE) station was used. The GPS P3 method was compared and 99 

validated by the Ionospheric Maps method, provided by the University of La Plata, a tool known 100 

as MAGGIA (Mendoza, 2019). It was also possible to observe and analyze the change in the 101 
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behavior of the ionosphere due to the geomagnetic storms caused by the solar explosion that 102 

occurred on April 21, 2023. This section considers temporal and spatial variations of Brazil's 103 

southeastern area to do this. The method GPS P3 and the method of ionospheric maps are 104 

presented in Section 2, and results and analysis are contained in Section 3. Finally, the 105 

conclusions are presented in Section 4. 106 

1.1 - The Total Electron Content (TEC) in the southeastern region of Brazil 107 

The ionosphere lies about 50 to 1000 km altitude and is composed of electrically charged 108 

particles called ions. It has a density capable of altering the propagation of electromagnetic 109 

waves (Matsuoka et al., 2006). The TEC represents the number of electrons in the 110 

electromagnetic signal's path between the satellite and the terrestrial receiver (Santos, 2020). 111 

TEC is measured in units of 10
16

 electrons per m
2
, equivalent to 1 TECU (TEC Unit), and is the 112 

main parameter of the ionization level of the plasma. Brazil's southeastern region presents a 113 

lower magnetic field intensity due to a magnetic anomaly called the South Atlantic Magnetic 114 

Anomaly (SAMA). The summer period (December to March), where the intensity of solar 115 

radiation is higher than the other periods of the year, associated with SAMA presents a scenario 116 

that contributes to a significant error caused by ionospheric refraction. 117 

1.1.1 - South Atlantic Magnetic Anomaly (SAMA) 118 

 The Earth is surrounded by a magnetic field that significantly influences the behavior and 119 

variation of electron density in the ionosphere. The lines of force in this field control the 120 

movements of ionized particles, and any change in the geomagnetic field will cause changes in 121 

these movements. In the South American region, a peculiarity caused by an anomaly in the 122 

Earth's magnetic field alters the ionosphere's behavior. This anomaly is known as the South 123 

Atlantic Magnetic Anomaly (SAMA) because it has a weaker magnetic field and is in the region 124 

that covers Latin America and the South Atlantic Ocean. 125 

In SAMA, particles spiral along magnetic field lines at around 100 km altitude while this 126 

process occurs at around 600 km altitude for regions in the northern hemisphere at equivalent 127 

latitude. Because the magnetic field is weaker, there is an effect like that which occurs in polar 128 

regions in which there is a continuous flow of energetic particles precipitating and contributing 129 

to the ionization of the ionosphere (Jaskulski et al., 2006). 130 

The UTC(INXE) is located in the district of Xerém, municipality of Duque de Caxias 131 

(RJ) (22º S; 45º W), which is considered an ionospheric geographical region of low latitude, but 132 

this region presents a high level of electron density (Matsuoka el. al., 2006) similar to an 133 

equatorial latitude due to an anomaly. The Earth's magnetic field acts as a shield against 134 

electrically charged particles coming from space. Depending on the intensity of these particles, a 135 

change in the density of terrestrial electrons occurs. This can affect the ionosphere, impacting the 136 

signal links between satellites and terrestrial receivers (Frigo & Hartmann, 2018). 137 

1.2 The influence of solar radiation on the Ionosphere 138 

The effects of the ionosphere on electromagnetic signals vary according to its degree of 139 

ionization, which in turn depends on the amount of radiation received from the Sun. Thus, there 140 

is a variation in the TEC throughout the day due to the Earth's rotational movement. During the 141 

day, mainly between 12 pm and 8 pm, ionization is more intense, and during the night, it is lower 142 

due to the lower solar incidence in the atmosphere. There is also a seasonal effect where the 143 

periods of the seasons must be considered. Summer has a higher incidence of solar radiation 144 
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compared to winter. This effect is directly related to the inclination of the sun's rays due to the 145 

Earth's translational movement around the Sun. 146 

The Sun, in turn, has activity cycles with an average duration of 11 years. The way to 147 

monitor the solar cycle is through the number of sunspots. During the cycle period when solar 148 

activity is low, the number of sunspots is minimal, just as the peak of solar activity is when the 149 

number of sunspots is maximum (NASA, 2021). The most significant number of sunspots is 150 

predicted between January and October 2024, according to a forecast update note for the 25th 151 

solar cycle from the NOAA (National Ocean And Atmospheric Administration). 152 

At the peaks of solar cycles, events and phenomena, such as explosions and coronal mass 153 

ejections, become more frequent and release quantities of charged particles that reach the Earth 154 

that can cause disturbances in the geomagnetic field and consequently modify the plasma 155 

existing in the ionosphere. Solar flares are eruptions of electromagnetic radiation ranging from a 156 

few minutes to hours. The generated electromagnetic energy travels at the speed of light and can 157 

instantly impact the lighted side of the Earth's atmosphere. Typically, solar flares are associated 158 

with regions where sunspots are more concentrated and magnetic fields are stronger. Explosions 159 

are classified based on their magnitudes. The weakest are class B, followed by classes C, M, and 160 

class X. Like the Richter earthquake scale, each letter has an internal scale from 1 to 9; between 161 

them, a tenfold increase in energy intensity is represented.  162 

Intense solar flares, class M or X, can cause a phenomenon known as Coronal Mass 163 

Ejection (CME). Large amounts of plasma are expelled from the surface of the Sun. If the CME 164 

occurs towards Earth, the increase in solar wind speed can cause a geomagnetic storm and affect 165 

the Earth's atmosphere. As the Earth's magnetic field directly influences the ionosphere's electron 166 

density, geomagnetic storms can cause significant variations in the TEC. 167 

1.3 Universal Time Coordinated (UTC) and the GPS P3 method 168 

Universal Time Coordinated (UTC) is the basis of civil time for most countries. UTC is 169 

obtained by combining data from around 450 atomic clocks operated by around eighty 170 

laboratories in different countries (Panfilo, 2019). In Brazil, the National Institute of Metrology, 171 

Quality, and Technology (INMETRO), the National Observatory (ON), and the University of 172 

São Paulo (USP-São Carlos) have time scales that contribute to the elaboration of the UTC, and 173 

each one has its respective local representation called UTC(k). The letter k represents an 174 

acronym of up to 4 letters identifying where and who performs the scale (Whibberley et al., 175 

2011). In the case of INMETRO, k is represented by INXE, comes from INmetro XErém, and 176 

the technical requirements are met using a commercial cesium standard model HP5071A.  177 

After processing the data provided by atomic clocks, the Free Atomic Scale (EAL, from 178 

the French Echelle Atomique Libre) is obtained and corrected by primary and secondary 179 

frequency standards of greater accuracy. After correction, the International Atomic Time (TAI) 180 

is obtained. To ensure agreement between UTC and the time derived from the Earth's rotation 181 

(UT1), TAI is compared with UT1, if the difference is greater than 0.9 seconds, a Leap Second is 182 

applied (Levine, 2016). 183 

Every month, BIPM issues a CCTF-K001 UTC key comparison report called Circular T, 184 

which presents the time differences between UTC and UTC(k). Thanks to new hardware, data 185 

processing, and modeling improvements, the uncertainty of synchronizing time scales has been 186 

reduced from a few hundred nanoseconds in the early 1980s to less than one ns (Panfilo & Arias, 187 

2019). The geodetic GNSS receiver, connected to the GNSS antenna, receives the 188 

electromagnetic signals, and compares the values of the GNSS time scales with the local time 189 
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scale. This comparison process generates binary files converted to RINEX and CGGTTS files. 190 

These files are standardized by IGS/RTCM and CCTF, respectively. The CGGTTS files must be 191 

periodically sent to BIPM to contribute to the realization of the UTC. 192 

1.3.1 CCTF Group on GNSS Time Transfer Standards (CGGTTS) 193 

The CGGTTS file is a widely used standard format for scale analysis and accurate time 194 

and frequency transfer using GNSS receivers. It covers several satellite constellations such as 195 

GPS, Galileo, Beidou, and Glonass (Riehle et al., 2018). Figure 1 shows part of a CGGTTS file. 196 

After the header (highlighted in yellow), there is a table (highlighted in green) containing the 197 

columns that provide information on the measurements obtained by each satellite. Measurements 198 

are consolidated into 16-minute intervals; on average, 6 to 10 satellites are recorded per interval. 199 

The number of satellites observed varies according to the line of sight, location, and system 200 

installation. The leading information for analyzing ionospheric delay is in the column MSIO, 201 

which provides the measured values. 202 

 203 

Figure 1 – Part of the CGGTTS file (from the author). 204 

The MSIO column provides the inclined ionospheric delay relative to the distance 205 

between the receiver antenna and the satellite, measured in the highest value carrier signal. In the 206 

case of GPS, it is the L1 signal with a frequency of 1575.42 MHz. 207 

1.3.2 TEC calculation from the CGGTTS files 208 

With the system of the scale UTC properly calibrated, Equation 1.0 calculates the TEC as 209 

a function of the ionospheric delay and the signal frequency value (Segantine, 2005). 210 

𝑇𝐸𝐶 =
𝜈 𝑐 𝑓2

40.3
                                                              (1.0) 211 

Where: 212 

TEC = Total Electron Content in electrons / m
2
 213 

ν = ionospheric delay in seconds; 214 

c = speed of light in meters/seconds; 215 

f = signal frequency in Hz; and 216 
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40,3 = constant whose unit is expressed in 
𝑚3

𝑠2 ∗ 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
. 217 

1.4 Ionospheric Maps and MAGGIA 218 

Since 1998, the IGS has been providing GIM services with the support of several 219 

Ionosphere Associate Analysis Centers (IAAC). GIMs are made available using standardized 220 

IONEX (IONosphere map EXchange) files. Ionospheric maps provide Vertical TEC (VTEC) 221 

values calculated by collecting measurements from a network of dual-frequency receivers. The 222 

main routine, which the IAAC contributes to, involves generating three types of GIM: forecast, 223 

rapid, and final. Forecast GIMs are available 1 to 2 days in advance, while rapid and final GIMs 224 

are available within 24 hours and 11 days, respectively. With this, it is possible to monitor the 225 

TEC through specific tools that make map images with the respective VTEC level available in 226 

TECU, online, and free of charge. 227 

The tool developed by the Laboratory of Space Meteorology, Earth Atmosphere, 228 

Geodesy, Geodynamics, Instruments and Astrometry (MAGGIA) at the National University of 229 

La Plata stands out for the Latin American region. The MAGGIA service is multi-frequency and 230 

provides VTEC maps of Latin America and the Caribbean using data from GNSS multi-231 

constellations obtained by more than two hundred ground stations located in several countries in 232 

South and Central America, in addition to Africa, Antarctica, and Europe (Mendoza et al., 2019). 233 

The tool provides ionospheric maps in almost real-time, as it is updated on the website with a 234 

latency of around fifteen minutes.  235 

Ionospheric map services have been an essential tool for studying the behavior of the 236 

ionosphere. Its wide space coverage, with short-term availability, has significantly contributed to 237 

and assisted in scientific research and industry development to improve services that generally 238 

depend on satellite signals. 239 

1.4.1 Single Layer Model (SLM) 240 

Considering that the elevation of the satellites varies depending on their location, the 241 

distances between the receiver antenna and the satellites also vary. Consequently, the TEC 242 

values will vary proportionally. In this sense, the single-layer ionospheric model (SLM) concept 243 

is generally applied in ionosphere modeling research derived from GNSS. SLM considers that all 244 

free electrons are concentrated in a layer of infinitesimal thickness. The altitude of this layer 245 

varies according to the model adopted by each tool, with values between 350 km and 450 km 246 

being common. 247 

The layer's altitude determines the location of the ionospheric point or IPP (Ionospheric 248 

Pierce Point), which is the point of intersection in the line of sight between the satellite and the 249 

receiver, which passes through this layer. The projection of the IPP on the Earth's surface is 250 

called the sub-ionospheric point (Yang et al., 2014). Thus, using the SLM concept, which 251 

considers that all electrons are concentrated in the layer, and determining the coordinates of the 252 

ionospheric point, it is possible to generate a grid with the TEC values distributed over the layer. 253 

One way to apply the SLM is by using the trigonometric function, described according to 254 

Equation 1.1 (Dach et al., 2007). 255 

               FI (z) = 
𝐸

𝐸𝑣
 = 

1

𝑐𝑜𝑠 z′                                                            (1.1) 256 

Where:  257 
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sen 𝑧′ = 
𝑅

𝑅+𝐻
 sen z 258 

z, 𝑧′ are the zenith angles at the terrestrial receiver antenna and at the IPP; 259 

R is the radius of the Earth; 260 

H is the height of the simple ionospheric layer about the Earth; and 261 

E and Ev are the TEC values contained in the line of sight (between the satellite and the 262 

receiver antenna) and in the vertical projection of the IPP, respectively. 263 

Figure 2 illustrates the SLM where the ionospheric pierce point (intersection in the line of 264 

sight between the receiver and the satellite), the sub-ionospheric point (the projection of the 265 

ionospheric point on the Earth's surface), the altitude H of the single layer and the angles. 266 

 267 

Figure 2 – Single-Layer Model (from author). 268 

According to Matsuoka and Camargo (2004), Skone (2002), and Prol and Camargo 269 

(2015), cited by (Prol et. al., 2017), the geographical latitude (ϕip)  and longitude (λip) of the IPP, 270 

at a given altitude (hip), are obtained from the azimuth and elevation angles of the GNSS signal, 271 

according to Equations 1.2, 1.3 and 1.4. 272 

𝜙𝑖𝑝 =  𝑠𝑒𝑛−1[ 𝑠𝑒𝑛 𝜙𝑟 𝑐𝑜𝑠 𝜓 +  𝑐𝑜𝑠 𝜙𝑟 𝑠𝑒𝑛 𝜓 𝑐𝑜𝑠 𝐴𝑧]                         (1.2) 273 

𝜆𝑖𝑝 =  𝜆𝑟 +  𝑠𝑖𝑛−1[
𝑠𝑖𝑛(𝜓)𝑠𝑖𝑛(𝐴𝑧)

cos(𝜙𝑖𝑝)
]                                          (1.3) 274 

With:    275 

            𝜓 =  
𝜋

2
− 𝐸𝑙 −  𝑠𝑖𝑛−1 [

𝑟𝑒

(𝑟𝑒+ ℎ𝑖𝑝)
cos(𝐸𝑙)]                                  (1.4) 276 

Where: 277 

𝜙𝑟 and 𝜆𝑟 are the latitude and longitude of the terrestrial receiver, in radians; 278 
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𝑟𝑒 is the radius of the Earth equal to 6371 km; 279 

Az and El are the azimuth and elevation angles of the GNSS signal, in radians. 280 

hip is the altitude of the IPP layer (usually 350 km or 450 km). 281 

1.4.2 IONosphere Map EXchange (IONEX) and VTEC calculation 282 

From a workshop held by IGS in 1996, the first step to begin a comparison of TEC maps 283 

derived from GPS was done through a standardization proposed by JPL. The significant 284 

conclusion was that defining a file format for exchanging, comparing, or combining TEC maps 285 

or ionospheric maps was necessary. Thus, the IONEX format emerged, which allows the 286 

exchange of two- and three-dimensional maps generated from a geographic reference (Feltens & 287 

Schaer, 2015). 288 

Each IONEX file consists of a header section and a data section. The header is mandatory 289 

and contains general information such as the IONEX version, program name, date and time the 290 

file was generated, brief description of the applied model, start and end of the map (containing 291 

date, hour, min and second), function mapping used, elevation cutoff, observables collected, 292 

number of stations and satellites as well as GNSS observed, initial and final latitudes and 293 

longitudes as well as the step (DLAT and DLON) applied, among other important information 294 

for the user. Just below the header, the IONEX data section begins with the period that IONEX 295 

covers, containing the year, month, day, hour, minute, and second. Then, a series of VTEC 296 

measurement groups begins, which depend on the initial and final latitudes and longitudes. 297 

According to (Feltens; Schaer, 1998), it is possible to use three different types of TEC E 298 

processing, depending on the geocentric latitude β, longitude λ and universal time t, when TEC 299 

maps Ei = E(Ti), i = 1, 2, ...., n (applying interpolation or using the closest TEC value at a given 300 

time). However, when the IONEX grid is dense enough, it is possible to use the simple four-301 

point Equation 1.5. 302 

E (λ0 + pΔλ, β0 + qΔβ) = (1 – p) (1 – q) E0,0 + p(1 – q) E1,0 + q (1 – p) E0,1 + p q E1,1    (1.5) 303 

Thus, for a given location, it is possible to calculate the VTEC value from the four VTEC 304 

values closest to the location of interest. 305 

2 Materials and Methods 306 

The behavior of the ionosphere was characterized by the GPS P3 method for the four 307 

seasons between September 2018 and September 2023, totaling five years. The values of the 308 

MSIO column's ionospheric delays and the GPS L1 signal frequency made it possible to 309 

calculate the TEC. For comparison with the ionospheric map method, applying the SLM at an 310 

altitude of 450 km was necessary to obtain the respective VTEC. 311 

An ANOVA was carried out to validate the GPS P3 method between the VTEC values of 312 

seasons between September 2022 and September 2023. The calculation of the VTEC values, 313 

using the ionospheric map method, considered the exact location coordinates of UTC(INXE) and 314 

the dense MAGGIA grid enough to use Equation 1.5. 315 

To characterize the ionosphere relative to the seasons, the VTEC for the 24 hours of each 316 

day was initially calculated, and then the average of the days relative to the period of each 317 

season. Due to the volume of data, it was necessary to develop a program called VtecGraph3 in 318 

Python programming language to process the data. 319 
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2.1 VTEC calculation using the GPS P3 method 320 

To enable the comparison and validation with the ionospheric map reference method 321 

(IONEX), first, it is necessary to calculate the “vertical” ionospheric delay to obtain the 322 

respective VTEC. For this, the concept of SLM, presented in Equation 1.1, is applied, using the 323 

ionospheric delay values instead of the TEC, according to Equation 2.0. 324 

               FI (z) = 
𝑀𝑆𝐼𝑂

𝑀𝑆𝐼𝑂𝑣
 = 

1

𝑐𝑜𝑠 z′                                                       (2.0) 325 

Where : 326 

sin 𝑧′ = 
𝑅

𝑅+𝐻
 sin z 327 

z, 𝑧′ are the zenith angles at the terrestrial receiver antenna and at the IPP; 328 

R is the radius of the Earth equal to 6.317 km; 329 

H is the altitude of the single ionospheric layer model about Earth used in MAGGIA (450 330 

km); and 331 

MSIO and MSIOv are the values of the ionospheric delays in the line of sight (between the 332 

satellite and the receiver antenna) and the vertical projection of the IPP, respectively. 333 

Determining the MSIOv values makes it possible to calculate the respective VTEC using 334 

Equation 2.1 (Equation 1.0 adapted). 335 

𝑉𝑇𝐸𝐶 =  
𝑐 𝑓2

40.3
∗ 𝑀𝑆𝐼𝑂𝑉                                               (2.1)                                                     336 

Where: 337 

MSIOV = “vertical” ionospheric delay in seconds; 338 

c is the speed of light equal to 299792458  m / s; 339 

f is the value of the GPS L1 carrier frequency equal to 1,57542 GHz; and 340 

40.3 is the constant whose unit is expressed in 
𝑚3

𝑠2 ∗ 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
. 341 

Then, using the elevation, azimuth, and altitude of the single layer, the location 342 

coordinates of the sub-ionospheric point of each signal are determined. Considering that the sub-343 

ionospheric points are at the same altitude as the receiver antenna, the distances of each sub-344 

ionospheric point about the receiver antenna are calculated. Thus, for each group of 16 min 345 

measurements, the average VTEC weighted by distances is calculated, that is, the closest VTEC 346 

having a more significant weight about the VTEC furthest from the receiver.  347 

For example, Figure 3 presents seven measurements (d0 to d6) relative to an interval of 348 

16 min. Each VTEC measurement (Δ) has a distance d about the location of the NXRA receiver 349 

antenna, with d0 being the smallest distance and d6 being the largest distance. 350 
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 351 
Figure 3 – Example of a group of 16-minute VTEC measurements (from the author). 352 

First, the latitude and longitude of each IPP must be calculated to calculate distances. For 353 

this, the geometric method presented in Equations 1.2, 1.3, and 1.4 is applied using the elevation 354 

and azimuth of each measurement, available, respectively, in the ELV and AZTH columns of the 355 

CGGTTS file. With the coordinates determined, the distances are calculated, and finally, the 356 

average value of VTEC measurements is calculated for each 16-minute interval, weighted by 357 

distances, according to Equation 2.2. The weight of each measurement is proportional to its 358 

distance from the receiver, with the closest measurement having the most significant weight and 359 

the most distant measurement having the lowest weight, according to the criteria in Equation 2.3. 360 

𝑉𝑇𝐸𝐶𝑀é𝑑 𝑃𝑜𝑛𝑑 =  
𝑉𝑇𝐸𝐶0

𝑑0

𝑑0
+ 𝑉𝑇𝐸𝐶1

𝑑0

𝑑1
+ 𝑉𝑇𝐸𝐶2

𝑑0

𝑑2
+ 𝑉𝑇𝐸𝐶3

𝑑0
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+ 𝑉𝑇𝐸𝐶4

𝑑0

𝑑4
+ 𝑉𝑇𝐸𝐶5

𝑑0

𝑑5
+ 𝑉𝑇𝐸𝐶6

𝑑0

𝑑6
𝑑0

𝑑0
+

𝑑0

𝑑1
+

𝑑0

𝑑2
+

𝑑0

𝑑3
+

𝑑0

𝑑4
+

𝑑0

𝑑5
+

𝑑0

𝑑6

       (2.2) 361 

Considering Equation 2.3 being: 362 
𝑑0

𝑑0
= 1 𝑒 

𝑑0

𝑑0
>  

𝑑0

𝑑1
>  

𝑑0

𝑑2
>  

𝑑0

𝑑3
>  

𝑑0

𝑑4
>

𝑑0

𝑑5
>  

𝑑0

𝑑6
                           (2.3) 363 

The total measurement uncertainty of the VTEC measured by the GPS P3 method for 364 

each 16-minute measurement group is calculated using Equation 2.4. 365 

𝜎𝑉𝑇𝐸𝐶 𝑇𝑂𝑇𝐴𝐿 =√𝜎𝑉𝑇𝐸𝐶 𝐵
2 +  𝜎𝑉𝑇𝐸𝐶 𝐴

2                                      (2.4) 366 

Where: 367 

𝜎𝑉𝑇𝐸𝐶 𝐴 is the measurement uncertainty of Type A; and 368 

𝜎𝑉𝑇𝐸𝐶 𝐵 is the measurement uncertainty of Type B. 369 

𝜎𝑉𝑇𝐸𝐶 𝐴 =  

√
∑ (𝑥𝑖− 𝑥𝑖̅̅ ̅̅ )

2𝑛
𝑖=1

(𝑛−1)

√𝑛
                                                                       (2.5) 370 

 371 



manuscript submitted to replace this text with name of AGU journal 

 

Where xi is the VTEC measured for each satellite, according to Equation 2.1, 𝑥𝑖̅ is the 372 

weighted average VTEC (according to Equation 2.2), and n is the number of satellites observed 373 

in the respective 16 min interval. 374 

𝜎𝑉𝑇𝐸𝐶 𝐵 =

√((
𝜕

𝑓2𝜈
40,3
𝜕𝜈

)2∗𝜎𝜈
2)+((

𝜕
𝑓2𝜈
40,3
𝜕𝑓

)2∗𝜎𝑓
2)

1016
                                 (2.6) 375 

Where: 376 

𝜎𝑉𝑇𝐸𝐶 𝐵 is the aplicattion of “general law of error propagation” (BIPM, 2008) at 377 

Equation 1.0; 378 

f is the L1 carrier frequency equal to 1575.42 MHz; 379 

ν is the average reference ionospheric delay in meters; 380 

𝜎𝜈 is the standard deviation of the ionospheric delay in meters; 381 

𝜎𝑓 is the standard deviation of the L1 frequency (1575,42 MHz) equal to 10 KHz. 382 

2.2 VTEC calculation using the ionospheric maps method 383 

After downloading the IONEX files from the MAGGIA tool repository, the VtecGraph3 384 

program calculates the VTEC by interpolating the four values closest to the location of the 385 

NXRA receiver, according to Equation 1.2. Considering that there are 96 measurements per day, 386 

an adjustment takes the average of the first two measurements (first and second), the 16th and 387 

17th measurement, the 32nd and 33rd measurements, the 48th and 49th measurements, the 64th 388 

and 65th measurements, the 80th and 81st measurements and the last two measurements of the 389 

day (95th and 96th). Thus, the same number of measurements as the GPS P3 method are 390 

obtained for the ANOVA. 391 

The total measurement uncertainty of VTEC, measured by the ionospheric map method 392 

every 15 minutes, is calculated using Equation 2.7. 393 

𝜎𝐸 =  √((
𝜕𝐸

𝜕𝑝
)2 ∗ 𝜎𝑝

2) + ((
𝜕𝐸

𝜕𝑞
)2 ∗ 𝜎𝑞

2) + ((
𝜕𝐸

𝜕𝐸
)2 ∗ 𝜎𝐸

2)                  (2.7) 394 

Where: 395 

𝜎𝐸 is the aplicattion of “general law of error propagation” (BIPM, 2008) at Equation 1.5; 396 

p is the weighting in longitude, equal to 0.4, dimensionless; 397 

𝜎𝑝 is the standard deviation of the longitude weighting, equal to 0.1, dimensionless;  398 

q is the weighting in latitude, equal to 0.8, dimensionless; and 399 

𝜎𝑞 is the standard deviation of the weighting in latitude, equal to 0.1, dimensionless; 400 

2.3 Comparison and validation of methods 401 
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ANOVA is a statistical technique that makes it possible to assess whether significant 402 

differences exist between the means of groups or independent populations. An assessment of the 403 

variation within and between the groups involved is conducted. Two hypotheses are defined for 404 

the analysis: H0 or null and H1 or alternative. The null hypothesis considers that the groups of 405 

values analyzed have equal or close population means. In contrast, the alternative hypothesis 406 

considers that the population means are different, or at least one means differs from the others. 407 

If Fcal < Fcritical, it is considered H0; otherwise, if F calc > F critical, H0 is rejected. The 408 

significance level adopted will be α = 5%, and considering k = 2 and N = 89, we have the F 409 

critical from the Snedecor F distribution table equal to approximately 3.920 (NIST/SEMATECH, 410 

2012). 411 

2.4 Observation of the geomagnetic storm – April 24, 2023 412 

The British Geological Survey (BGS) is a geoscience research center that belongs to UK 413 

Research and Innovation (UKRI) and is affiliated with the Natural Environment Research 414 

Council (NERC) (BGS, 2023). Suppose an event detected on the Sun could cause a geomagnetic 415 

effect on Earth. In that case, the BGS issues an alert about the event's possible impacts on Earth.  416 

On April 24, 2023, an alert was issued about a CME that had reached Earth at the end of 417 

the previous day, causing significant disturbances in the Earth's magnetic field. This CME was 418 

associated with a long-lasting M-class solar flare on April 21 at 5:44 pm (Universal Time). High 419 

rates of geomagnetic activity were observed by meters located in the United Kingdom and 420 

Ireland. 421 

On that occasion, auroras were observed in several points in the northern hemisphere. 422 

Considering the events above, the VtecGraph3 Program was used to observe the ionosphere's 423 

behavior between April 21st and 25th, 2023, in the location coordinates of the UTC (INXE) time 424 

scale. The main objective was to verify whether and how the geomagnetic storm, observed by 425 

magnetometers in the United Kingdom and Ireland region, changed the behavior of the 426 

ionosphere in Brazil's southeast region, applying the GPS P3 method. 427 
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3 Results and analysis 428 

Applying the procedure in section 2.1, using the ionvtec_p3_final.py module from the 429 

VtecGraph3 program, the VTEC graphs were obtained for the spring, summer, autumn, and 430 

winter seasons, as shown in Figure 4 (Yamada, 2024). 431 

 432 

 433 

Figure 4 – Characterization of the ionosphere using the GPS P3 method in Southeast Brazil during seasons (from 434 

author). 435 

Observing the hourly variation of VTEC is possible due to the Earth's rotation 436 

movement. At night and in the morning, generally between 0 am and 8 am, the VTEC is lower. 437 

From 8 am onwards, with the increase in solar radiation, there is an increase in VTEC, reaching 438 

its peak between 4 pm and 5 pm. Then, with the decrease in solar radiation and the beginning of 439 

the night period, VTEC decreases. 440 

Seasonal variation is also observed when comparing the behavior of VTEC between 441 

seasons for the same year. Due to the Earth's translational movement, summer has the highest 442 
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incidence of solar radiation, followed by spring, autumn, and winter. For example, for the 443 

seasons of 2021 and 2022, the spring (2021) and autumn (2022), considered intermediate 444 

seasons, presented VTEC variations between approximately 4 and 40 TECU and 3 and 40 445 

TECU, respectively. Meanwhile, the summer (2021/22) and winter (2022) months presented 446 

variations between 5 and 50 TECU and 5 and 28 TECU, respectively.  447 

For each season, annually (starting in 2018), it is also possible to observe an increase in 448 

the variation (VTECmax – VTECmin) or the maximum daily value of VTEC. In most cases, 449 

both occur, showing an annual variation. For example, for the summer of 2018/2019, the daily 450 

variation was around 21 TECU (13 to 34 TECU, between 7 am and 6 pm), and for the summer of 451 

2022/2023, this variation was around 62.5 TECU (12.5 to 75 TECU, between 7 am and 6 pm). 452 

An increase in daily variation of more than 200 % and more than 150 % in the maximum daily 453 

value. The results of the comparison between the two methods, applying the procedure in section 454 

2.2, using the ionvtec_validation.py module from the VtecGraph3 program, are presented in 455 

Figure 5 (Yamada, 2024). 456 

 457 

 458 
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Figure 5 – Comparison between GPS P3 and n ionospheric map methods in Southeast Brazil during seasons (from 459 

author). 460 

ANOVA demonstrated no significant statistical difference between the two methods 461 

according to the F statistics values calculated for each season. Spring showed the highest 462 

convergence with a calculated F equal to 0.008, followed by summer (0.101), winter (0.409), and 463 

autumn (0.454). 464 

To observe the behavior of the ionosphere using the GPS P3 method during the 465 

geomagnetic storm observed by the BGS magnetometers, the VTEC was calculated between 466 

April 21 and 25, 2023, applying the procedure in section 2.4, using the ionvtec_p3_final.py 467 

module, from the VtecGraph3 program, as shown in Figure 6 (Yamada, 2024). 468 

 469 

Figure 6 - Behavior of ionosphere in Southeast Brazil during geomagnetic storms in April 2023 (from the 470 

author). 471 

Figure 6 highlights the changes in the behavior of the ionosphere on the 23rd and 24th of 472 

April, 2023. On the 23rd, around 6 pm, even with the beginning of the night period, when normal 473 

behavior predicts a decrease in the values of VTEC, an abnormal increase is observed, reaching 474 

76.3 TECU. Then, the curve drops to about 20 TECU around midnight. 475 

On 24/04/2023, behavior considered normal was observed from 0 am until 8 am; from 8 476 

am onwards, the values rose abruptly until reaching the peak value equal to 66.3 TECU at around 477 

noon. Then, an abnormal drop in values is observed between 1 pm and 11 pm. On 25/04/2023, 478 
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behavior returns to normal, showing values below 10 TECU between 0 am and 8 am and a 479 

cosine curve between 8 am and 11 pm, with a peak value around 5 pm. 480 

4 Conclusions 481 

Society increasingly depends on services provided by satellite systems. Considering the 482 

ionosphere as the most harmful layer of the Earth's atmosphere to the electromagnetic signals 483 

emitted by satellites. Research into the behavior of the ionosphere and its effects on 484 

electromagnetic signals is becoming increasingly critical. This study showed that it is possible to 485 

use a UTC time scale structure to observe the behavior of the ionosphere. The measurements 486 

were close to the ionospheric mapping method, widely used to predict and monitor the 487 

ionosphere.  488 

It was possible to observe daily, seasonal, and annual variations in the ionosphere 489 

through measurements of ionospheric delays from the CGGTTS files, recorded by the UTC Time 490 

Scale (INXE), located in the district of Xerém, municipality of Duque de Caxias / RJ. It was also 491 

possible to observe changes in the behavior of the ionosphere during geomagnetic storms 492 

caused by the solar explosion on April 21, 2023. 493 

Applying a single-layer model mapping function and calculating averages weighted by 494 

the receiver distances about sub-ionospheric points made it possible to calculate VTEC values 495 

close to those measured and available in the IONEX files of the MAGGIA tool. 496 

The analysis of variance between the two methods, during the year's seasons, in the exact 497 

geographic coordinates, demonstrated no statistically significant difference between the values 498 

calculated between the two methods. 499 

The characterization of the ionosphere in the southeast region of Brazil during the 500 

analyzed period contributes to the scientific community qualitatively and quantitatively. This 501 

method can be used in similar laboratory structures. The technical requirements for the 502 

ionosphere characterization for laboratories with highly accurate time scales can be achieved 503 

with relatively simple structural adaptations. The main investment is acquiring the GNSS signal 504 

reception system (geodetic receiver, antenna, and cables) and training the human resources 505 

involved. 506 

Furthermore, the characterization of the ionosphere, carried out in this work, can 507 

contribute to the development of specific mathematical models for application in single-508 

frequency receivers operating in the southeast region of Brazil to reduce the location errors that 509 

mathematical models require. 510 
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