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ABSTRACT  

 

The ionospheric layer can be considered difficult to model due to the high variation in 

electron density presents in the upper atmosphere. In regions of low latitude, such as 

Brazilian region, the ionosphere presents a peculiar dynamic, considerably affecting 

communication systems and global navigation satellite systems (GNSS). Total Electron 

Content (TEC) is the main parameter capable of describing the ionospheric layer. 

Therefore, ionospheric models based on TEC values become critical for monitoring space 

weather and the ionospheric layer. However, in low latitude regions, the performance of 

these models degrades due to the high sensitivity of the global positioning system (GPS) 

L2 frequency to ionospheric scintillation. In an effort to overcome this problem, this thesis 

investigates the potential of utilizing only GPS L1 frequency for imaging the ionospheric 

bubbles during ionospheric scintillation. Two methods for estimating TEC using single 

frequency are presented. The first one is based on the calibration method, i.e., information 

retrieved by external ionospheric models are used to correct the TEC using single 

frequency measurements. The second one is based on independent regional ionospheric 

model to calibrate GPS using single frequency measurements. Both methods successfully 

detected plasma bubbles by mapping TEC using single frequency. In addition, single 

frequency model presented similar accuracy to the dual frequency models and, at the same 

time, provided less observations affected by ionospheric scintillations. These results 

demonstrate the feasibility of using single frequency GNSS data to develop ionospheric 

models and to improve GNSS positioning in low latitudes.  

 

 

Keywords: Ionosphere; spherical harmonics; TEC; single frequency; plasma bubbles; 

airglow images. 

  



 

 

 

RESUMO  

 

A camada ionosférica pode ser considerada de difícil modelagem devido à alta variação 

na densidade de elétrons presente na atmosfera superior. Em regiões de baixa latitude, 

como a região brasileira, a ionosfera apresenta uma dinâmica peculiar, afetando 

consideravelmente os sistemas de comunicação e os sistemas GNSS (Global Navigation 

Satellite System). O Conteúdo Total de Elétrons (TEC) é o principal parâmetro capaz de 

descrever a camada ionosférica. Portanto, os modelos ionosféricos baseados em valores 

de TEC tornam-se essenciais para o monitoramento do clima espacial e da camada 

ionosférica. No entanto, em regiões de baixa latitude, o desempenho desses modelos é 

prejudicado devido à alta sensibilidade da frequência L2 do GPS (Global Positioning 

System) à cintilação ionosférica. Em um esforço para superar esse problema, esta tese 

investiga o potencial de utilizar apenas a frequência L1 do GPS para obter imagens das 

bolhas ionosféricas durante a cintilação ionosférica. São apresentados dois métodos para 

estimar o TEC utilizando simples frequência. O primeiro método é baseado na calibração 

do TEC, ou seja, as informações obtidas por modelos ionosféricos externos são usadas 

para corrigir o TEC usando medições de simples frequência. O segundo método, baseia-

se em um modelo ionosférico regional independente para calibrar o GPS usando medições 

de simples frequência. Ambos os métodos detectaram com sucesso bolhas de plasma 

mapeando o TEC usando frequência única. Além disso, o modelo de simples frequência 

apresentou precisão semelhante à dos modelos de dupla frequência e, ao mesmo tempo, 

forneceu menos observações afetadas pelas cintilações ionosféricas. Esses resultados 

demonstram a viabilidade do uso de dados GNSS de simples frequência para desenvolver 

modelos ionosféricos e melhorar o posicionamento GNSS em baixas latitudes. 
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CHAPTER 1  

INTRODUCTION 

 

1 OVERVIEW AND MOTIVATION  

 

The ionosphere is a layer of the Earth's atmosphere, located at approximately 50 

to 1000 km altitude, characterized by a high concentration of ionized particles. The 

propagation of radio signals through the ionosphere with irregularities in the electron 

density distribution may produce phase and amplitude scintillations in radio frequency 

(RF) signals (Aarons, 1982; Yeh and Liu, 1982). These scintillations degrade the 

accuracy of navigation and positioning applications based on Global Navigation Satellite 

Systems (GNSS). Several authors point out (Skone et al., 2001; Sreeja et al. 2012; Vani 

et al. 2019; Guo et al 2019; 2020) that rapid phase variations lead to a higher probability 

of cycle slip. Depending on its severity, scintillation is capable of leading to the loss of 

satellite signal tracking. These extreme phenomena are more usual near the equatorial and 

low-latitude regions. In such regions, several electrodynamics processes may lead to 

large-scale plasma depletions in the F region of the ionosphere, called as Equatorial 

Plasma Bubbles (EPBs). The EPBs are large-scale ionospheric structures characterized 

by depleted electron density in comparison to the surrounding ionosphere, developed after 

the local sunset at the magnetic equator (Li et al., 2021; Bhattacharyya, 2022). The pre-

reversal enhancement in the evening zonal electric field causes an increase in the eastward 

electric field that causes initial plasma depletions to rise to higher altitudes. This uplift 

contributes to an increase in the vertical growth of the magnetic aligned plasma-depleted 

structures formed by the Rayleigh–Taylor instability mechanism. (de Paula et al. 2007; 

Kelley, 2009; Hasse et al. 2010; Abdu 2016; Muella et al. 2017; Moraes et al., 2018b; 

Barros et al. 2018; Bhattacharyya, 2022). During the development of the EPBs, they tend 

to extend to latitudes of larger background plasma density in the Equatorial Ionization 

Anomaly (EIA), located at around 15°- 20° north and south of the magnetic equator 

(Muella et al., 2017; Li et al., 2021). 

Several researches describing the dynamics of the ionosphere and the ionospheric 

scintillation-producing irregularities are supported by GNSS data(for example see 

Mannucci et al. 1993; de Paula et al., 2007; Haase et al. 2010; Spogli et al., 2013; Guo et 

al., 2019; Macho et al., 2022). The GNSS simultaneous information in multiple 

https://www.sciencedirect.com/science/article/pii/S1364682622000463#bib37
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frequencies can be used as a tool for ionospheric sounding, due to the dispersive medium 

of the ionosphere. From GNSS data, it is possible to perform ionospheric modeling using 

the total electron content (TEC) parameter capable to describe the properties of the 

ionosphere. TEC is the integral of electron density along the signal path counted passing 

through the ionosphere. The TEC is calculated in a column along a signal path between a 

satellite based GNSS transmitter and a receiver, typically ground-based (Seeber, 2003; 

Leick, 2004). Therefore, if the signal path from transmitter to receiver is known, the 

differential delay by two signals can be used to derive the TEC along the signal path.  As 

the ionospheric delay is in very good approximation (better than 99.9%) proportional to 

TEC (see for instance Hernández-Pajares et al. 2014), combinations of signal frequencies 

and GNSS observables can be performed to obtain a relationship with ionospheric delay.  

Considering dual frequency measurements, TEC can be obtained using a linear 

combination, since the non-frequency dependent terms are cancelled out. The eliminated 

terms in the geometric-free combination are the geometric distance between the receiver 

and the satellite, the satellite and receiver clocks, and the tropospheric delay. If only single 

frequency is available, TEC can be eliminated or estimated using combinations between 

GNSS observables, for instance, the GRoup and Phase Ionosphere Correction 

(GRAPHIC), proposed by Yunck (1992), and the Code-Minus-Carrier (CMC) proposed 

by Xia (1992). Both combination exploits the opposite sign of the ionospheric error in the 

pseudorange and carrier-phase. The GRAPHIC combination is computed by the 

arithmetic mean of the code and carrier phases, removing the TEC term; while the CMC 

is given by differencing the pseudorange and carrier-phase measurements, all geometry-

dependent components are cancelled. However, the main problem about these 

combinations are the multipath and noise of the pseudorange. It is worthwhile to highlight 

that the dual frequency ionosphere-free combinations for pseudorange and carrier-phase 

are only constructed from observations of the same type.  In contrast to the GRAPHIC 

and CMC combinations, the dual frequency combinations are constructed from different 

observables, they maintain their basic characteristic properties and can be processed 

similarly to the original uncombined observations except for the increased noise 

(Teunissen; Montenbruck, 2017; Hernández-Pajares et al, 2018).  

Techniques and algorithms are being continuously developed and evaluated to 

improve the accuracy and resolution of TEC estimates. Accurately determining TEC 

values continues to be a challenging, particularly in low latitude regions and especially 

during ionospheric scintillation events. Prol et al. (2018a), for instance, evaluated the 
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performance of TEC calibration procedures by analyzing the improvement in single 

frequency PPP (Precise Point Positioning) considering several latitudes. The authors have 

found a worse PPP performance in low latitudes, mainly due to the ionospheric variability 

associated with the EIA and ionospheric scintillation. According to Moraes et al. (2018b) 

the distribution of plasma bubble irregularities in relation to the geomagnetic field 

configuration can amplify the effects of scintillation. In low latitude regions, such as the 

Brazilian region, the geomagnetic field configuration, characterized by a large magnetic 

declination angle, provides a particular and favorable condition for the occurrence of such 

effects. The authors showed a correlation between the intensified scintillation occurrence 

and Global Positioning System (GPS) signals that propagated through plasma bubbles 

aligned to the magnetic field's direction. In addition, the authors showed large PPP errors 

due to these events in such regions.  Several authors (Delay et al. 2015, Spogli et al. 2016; 

Xiong et al.2016; Moraes et al. 2017; Souza et al. 2022) showed a close relationship 

between the occurrences of EPBs and severe ionospheric scintillations at different radio 

bands at low latitudes. In such regions, the lack of TEC data especially obtained using 

dual frequency measurements, can be associated with disruptions in the received signal 

caused by ionospheric plasma bubbles under ionospheric scintillation, which are zones 

with high electron density variability (Li et al. 2021). During ionospheric scintillation, 

the GPS L2 signal presents greater ionospheric interference when compared to the GPS 

L1 signal. Therefore, during the presence of ionospheric scintillation, it is expected that 

a single frequency can provide better alternative for ionospheric plasma bubbles imaging. 

Since the single GPS L1 frequency is supposed to minimize the loss of synchronism, 

ionospheric models based on GPS L1 frequency should improve the imaging of 

ionospheric bubbles.  

To enhance the imaging of ionospheric bubbles during ionospheric scintillation in 

low latitude regions, this work aims to develop and analyze a regional single frequency 

ionospheric model for TEC estimation. 
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1.1 Objectives  

 

The main goal of this research is to develop a methodology capable to detect 

equatorial plasma bubbles using only GPS single frequency measurements. In this regard, 

the Ph.D. research has the following specific objectives:  

(1) investigate which GPS signal frequency is the best one to detect equatorial 

plasma bubble;  

(2) develop an ionospheric regional model exclusively based on single-frequency 

GPS measurements;  

(3) understand if plasma bubbles can be detected using single frequency GPS 

measurements; 

(4) verify if the single frequency precise point positioning (PPP) based on single 

frequency ionospheric regional model can provide a comparable level to those 

ionospheric models obtained by dual frequency GPS measurements. 

 

1.2 Content and Contributions  

 

The thesis can be summarized in two purposes:  First, we evaluate and understand 

which GPS signal has the best capability of ionospheric bubble imaging and whether it is 

possible to detect the ionospheric plasma bubbles using only a single frequency GNSS 

measurements. Second, we present an ionospheric model for the Brazilian region using a 

single frequency and evaluate its quality.  

 Chapter 2 shows the study developed by Souza et al. (2022). The authors 

presented an assessment of GPS positioning performance using different signals in the 

context of ionospheric scintillation. Chapters 3 and 4 are devoted to investigating the 

feasibility of detecting ionospheric plasma bubbles using GNSS single frequency 

measurements, i.e., it answers if it is possible to detect ionospheric plasma bubbles using 

single frequency TEC maps. In Chapter 3, we present a technique for TEC single 

frequency calibration, and we use a previously estimated TEC to generate ionospheric 

maps. As a result, ionospheric plasma bubbles are successfully detected using single 

frequency data. However, the calibration method uses external ionospheric models based 

on dual frequency data. Therefore, in order to use only single frequency data in all steps, 
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Section 4, also summarized in Christovam et al. (2023a), shows a methodology based on 

a regional model to calibrate GNSS single frequency measurements and derive 

ionospheric maps with no external information. In Chapter 5, Christovam et al. (2023b) 

present an evaluation of a new regional model by means of single frequency precise point 

positioning (PPP), comparing the positioning results against the correction using dual-

frequency GPS signals, as well as compared to the corrections provided by global 

ionospheric models produced by the international GNSS service (IGS).  
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CHAPTER 2  

 

ASSESSMENT OF GPS POSITIONING PERFORMANCE USING DIFFERENT 

SIGNALS IN THE CONTEXT OF IONOSPHERIC SCINTILLATION 

 

2 SCOPE  

This Chapter presents the results of a quantitative analysis of the scintillation 

amplitude of GPS signals at L1, L2, and L5 frequencies (Souza et al. 2022). This work 

aims to evaluate the impact of the ionospheric scintillation on the different GPS 

frequencies.  

 

2.1 Overview 

 

The atmosphere has a great influence on Global Navigation Satellite Systems 

(GNSS) signal propagation. The GNSS signals that pass through the Earth's atmosphere 

are disrupted, especially due to events occurring in the ionospheric layer (Seeber, 2003; 

Zolesi and Cander 2014). The error caused by the ionospheric layer is directly 

proportional to the Total Electron Content (TEC) and inversely proportional to the 

squared frequency. Therefore, higher frequencies are supposed to be less affected by the 

ionosphere when compared with lower frequencies (Zolesi and Cander 2014; Langley et 

al., 2017).  

Ionospheric scintillation is caused by spatial and temporal variations in the 

electron density of the ionospheric layer. This effect is defined as rapid changes in the 

phase and/or amplitude of a radio signal as it propagates through small-scale plasma 

density irregularities in the ionosphere (Conker et al., 2003). The scintillation is related 

to smaller-scale irregularities coexisting with the Equatorial Plasma Bubbles (EPBs) (de 

Paula et al.,2007; Moraes et al., 2017). The ionospheric scintillation in general occurs 

after sunset until midnight, sometimes also extending for a few hours in the post-midnight 

period (Conker et al., 2003; Seeber, 2003). 

The occurrence and intensity of scintillations vary according to several factors, 

such as solar activity, the epoch of the year, geographic location, and local time. 

Scintillation occurs dominantly at high latitudes and between equatorial and low latitudes. 

(Walter et al., 2010; Vani et al., 2017). As the Brazilian region is within the equatorial 



15 

 

 

and low latitudes, ionospheric scintillation is a serious threat to satellite navigation and 

communication. Severe ionospheric scintillation can cause errors and losses of lock in 

GNSS positioning, resulting in degraded performance and signal unavailability (Conker 

et al., 2003) (Conker et al., 2003). The scintillation effect can be measures by some 

indices, such as S4 and Sigma-phi. S4 is a scintillation intensity index which measures the 

relative magnitude of amplitude fluctuations. The S4 index is the standard deviation of 

the signal strength, normalized by its mean. Sigma-phi is a phase scintillation index, 

which measures the magnitude of carrier phase fluctuations (Walter, 2010).  

As previously mentioned, the ionospheric error is directly proportional to TEC 

and inversely proportional to the squared frequency, so it is expected that the severity of 

ionospheric effects, such as ionospheric scintillation, follows the same relationship with 

signal frequency. The GPS modernization program introduced two new civil navigation 

signals, on L2 (L2C) and L5. In this case, the new navigation signals, which have lower 

frequencies, would be more susceptible to the ionospheric effects compared to the L1 

signal. The same performance from GPS L1 frequency cannot directly be transferred to 

the new signals that use different frequencies, mainly in low latitudes due to scintillation.  

Several studies have been conducted in this context. Usually, the S4 scintillation 

index is analyzed on the GNSS primary frequencies (for instance, the GPS L1 frequency). 

However, these indices can also be estimated on the other available GNSS frequencies. 

Hegarty et al. (2001) and Peng et al. (2011) defined functions that allow the scintillation 

indices to be mapped from the L1 frequency to obtain an expected value at L2 and L5 

frequencies. Delay et al. (2015) presented a statistical analysis of GPS tracking 

performance under ionospheric scintillation using the S4 index for L1, L2, and L5 

frequencies. The results indicated a higher probability of signal loss at lower frequencies 

than at higher ones. Moraes et al. (2017) conducted a study to analyze the variability of 

low latitude ionospheric amplitude and phase scintillation detected by a triple-frequency 

GPS receiver. Based on an empirical quantification, the results showed the frequency 

dependence of scintillation, indicating that the lower frequencies L2 and L5 suffer more 

intense scintillation than the L1 signal. 

Considering the new GPS signals performance on positioning, Engel (2008) 

evaluated the theoretical performance of GPS signals in terms of positioning accuracy. 

The author showed that when using a single frequency, the positioning accuracy is almost 

the same for all satellite signals, with L2 and L5 signals leading to worse performance 

than the L1 signal. Andrade and Alves (2016) analyzed static and kinematic positioning 
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improvement obtained by the introduction of the GPS new signals L2 and L5. The results 

showed that the use of new frequencies causes faster convergence on kinematic 

positioning. The improvement rate in the positioning using the three frequencies was 

about 61% compared to a single frequency (L1). 

Considering the current availability of the new signals, it is possible to perform a 

more detailed analysis of the dispersive behavior of the ionospheric layer.  In addition, 

the new signals can be used to improve the positioning solution, so it is necessary to 

evaluate how they are influenced by scintillation and which signal is less affected. In this 

context, this Chapter presents a quantitative analysis of the impact of ionospheric 

amplitude scintillation on GPS frequencies, with a focus on low-latitude regions. 

Moreover, since ionospheric scintillation can potentially reduce positioning accuracy, we 

offer an assessment of GPS Precise Point Positioning (PPP) at L1, L2, and L5 frequencies. 

 

2.2 Methodology  

 

The experiments used data from the São José dos Campos (SJCE) station (23.21° 

S, 45.95° W), located near the southern crest of the equatorial ionization anomaly (EIA). 

This region is known for the occurrence of intense amplitude scintillations, which are 

associated with the heightened background electron density resulting from the influence 

of the Equatorial Ionization Anomaly (EIA). The SJCE station has a triple‐frequency (L1, 

L2, and L5) receiver (Septentrio PolaRxS). The data were continuously collected for a 

period of 30 days, from November 3 to December 3, 2014. This time frame coincided 

with a high occurrence of scintillation due to increased ionospheric activity influenced by 

the maximum of solar cycle 24. 

The parameter used was the amplitude scintillation index (S4), which is the main 

statistical measure indicating the intensity of the amplitude scintillations. It was 

considered the same limits used by Muella (2009) for the S4 index classification: weak 

level 0.2 < S4 ≤ 0.4; moderate level 0.4 < S4  ≤ 0.6; strong level 0.6 < S4 ≤1.0; and saturated 

level 1.0 < S4 ≤ 1.4. According to Muella (2009), saturated levels can be attributed to the 

effects of multiple scattering and means that the S4 is not due to a single scatter of the 

radio wave. The S4 index was obtained using the ISMR Query Tool (Vani et al., 2017). 

The S4 measurements were taken at the three GPS frequencies: L1 (1575.42 MHz), L2 

(1227.60 MHz), and L5 (1176.45 MHz). The values were limited to measurements from 
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satellites with elevation angle higher than 20°, considered above the level of noise and 

multipath effects.  

For the PPP experiments, the data were processed in kinematic and static modes 

using the online software CSRS-PPP (Canadian Spatial Reference System – Precise Point 

Positioning) developed by NRCan (Natural Resources Canada) available in 

<https://webapp.geod.nrcan.gc.ca/geod/tools-outils/ppp.php>. We used Receiver 

Independent Exchange Format (RINEX v.2.11) files with 24 hours of data, only GPS 

satellites, with a cutoff angle using 20° and 15 seconds sampling rate. It is important to 

emphasize that there is a difference between the number of satellites that provide the new 

signals (L2C and L5), due to the different generations of GPS satellites currently 

available. During the analyzed period, 31 satellites transmitted L1 signal, 15 transmitted 

L2C, and 8 satellites transmitted L5. Considering the number of satellites tracked per 

epochs transmitting L2C signal (~5 satellites), and the ones transmitting L2P signal (~8 

satellites), the L2P was used for the positioning assessment. The kinematic positioning 

processing was performed using 5 configurations: L1 signal (L1C), L2P signal (L2P), L1-

L2P signals (L1C and L2P), L1-L5 signals (L1C and L5) and L1-L2P-L5 signals (L1C, 

L2P and L5). The static mode was processed with the three frequencies and used as 

reference values. The editions of the RINEX files were performed using TEQC 

(Translation, Editing and Quality Checking) software from UNAVCO (Estey and 

Meertens, 1999). The single frequency positioning using the L5 signal was not possible 

due to the low number of satellites transmitting L5 frequency or a limitation in the 

software used. Results from the kinematic positioning in each configuration were 

compared to the static positioning. With the discrepancies obtained from the results of the 

kinematic positioning and the reference values, the root mean square error (RMSE) was 

obtained. 

 

2.3 Results and Discussion  

 

2.3.1 Quantitative analysis of the ionospheric scintillation impact on GPS frequencies 

 

In order to show the behavior of the S4 index for each GPS signal frequency, a 

visual comparison of the index values for each frequency is presented in Figure 2.1. It is 

worth highlighting that, for the chosen period, just three satellites had data collected on 

the L5 frequency with a higher number of epochs (PRN 24, PRN25 and PRN 27).  
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Figure 2.1– S4 index at L1, L2 and L5 signals on November 27, 2014 for PRN 24 (top 

panel), PRN 25 (middle panel) and PRN 27 (bottom panel). 

 

   

According to Figure 2.1, in all satellites, the difference between L1, L2 and L5 

signals is small during the undisturbed conditions. However, at the peak of the 

scintillation events, the difference between the three signals becomes larger. Considering 

the PRN 24, the data were collected from ~17h – 22h UT, in which there was no presence 

of ionospheric scintillation, with S4 values lower than 0.2. The PRN 25 presented two 

periods of collected data (~ 0h – 1h UT and 20h – 24h UT). In the first period, the 

scintillation level can be classified as moderated to a saturated level, the S4 index varied 

from 0.6 to 1.4. The second period could be classified as undisturbed conditions until 23h 

UT, with values smaller than 0.2, after this period, the values increased, leading to a 

moderate scintillation level classification, considering the L1 signal and strong 

scintillation level for the L5 signal. In PRN 27, the data were collected from period ~2h 

– 7h UT, the scintillation level can be considered weak to strong, the values with index 

values were between 0.2 and 0.8 until the values decrease to an undisturbed level. 

Summarizing the S4 behavior for each frequency, when the scintillation is classified as 
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weak to strong levels, the data from the L1 frequency are less affected when compared to 

the other GPS frequencies. This behavior is observed when there are long continuous data 

and the ionospheric scintillation is classified as weak to strong levels. This behavior is 

shown in Figure 2.1(middle panel) in the second period of data. The L5 signal was 

classified as strong while the L1 was classified moderated level. Considering all the days 

selected, indices presented similar behavior under ionospheric scintillation, data from L1 

frequency was less affected, when compared to L2 and L5 frequencies.  

In order to show the influence of the scintillation in the S4 values Figure 2.2  shows 

one example of the slant TEC estimated and the S4 values at the L1, L2 and L5 signals 

for PRN 25 on November 27, 2014 (DOY 331). The slant TEC was obtained using 

calibration procedures such as Ciraolo et al. (2007) and Prol et al. (2018a).  

 

Figure 2.2 – Comparison between STEC and S4 during plasma bubble occurrence for PRN 

25 on November 27, 2014; Top panel correspond to STEC values and the bottom panel 

represents S4 values for L1, L2 and L5 signals.   

 

 

From Figure 2.2, it can be noted a correspondence between the presence of the 

ionospheric bubble and the occurrence of strong scintillations. It is worth mentioning that, 

the presence of two data periods is due to the period of satellite visibility.  In the first 

period, the receiver was unable to estimate STEC due to intense scintillation, as shown in 

Figure 2.2 (top panel), resulting in a loss of lock. In the second period, between 23h – 24h 
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UT, the S4 values were classified as moderate to strong levels. It can be observed that the 

STEC values were strongly depleted, indicating that the signals received are crossing an 

irregular plasma structure. The STEC depletions also suggest that the ionosphere is 

disturbed by ionospheric plasma. These results revealed a close relationship between the 

occurrence of ionospheric scintillation and the presence of plasma bubbles.  

After understanding the correspondence between ionospheric plasma bubble 

occurrence and ionospheric scintillation, it was investigated the occurrence rate for each 

intensity level of scintillation. In this analysis, all the available S4 values were taken into 

account during the days analyzed. The percentages of occurrence for each frequency 

considering the S4 classification levels are summarized in Table 2.1. The highest 

percentages of occurrence were observed in the undisturbed level, due to the ionospheric 

scintillation’s occurrence at specific times of the day (after the sunset up to midnight, 

sometimes extending for a few hours). It is important to consider that the scintillation 

occurrence, especially in strong scintillation levels, may lead to a loss of lock between 

satellite and receiver, reducing the positioning accuracy. For the undisturbed and 

moderated scintillation levels, the three signals presented a similar behaviour, i.e. with no 

statistical differences observed between them. For weak, strong and saturated 

scintillations levels, the percentage of occurrences increased as GPS frequencies 

decreased.  In addition, for the strong and saturated levels, the percentage of occurrences 

observed at the L1 frequency (0.6%) was approximately half the values observed for the 

frequencies L2 and L5. 

 

Table 2.1 – Percentage of occurrences for each carrier frequency considering the S4 

classification levels, for 24 hours of data.    

S4  L1 L2 L5 

<0.2 89.8% 87.5% 87.1% 

0.2 < S4 ≤ 0.4 4.2% 4.7% 5.0% 

0.2 < S4 ≤ 0.6 2.4% 2.3% 2.2% 

0.6 < S4 ≤ 1.0 2.9% 4.2% 4.3% 

1.0 < S4 ≤ 1.4 0.6% 1.3% 1.4% 

 

To perform a quantitative analysis, we considered the S4 data classified in each 

scintillation level to identify which frequencies suffer the greatest and the least impact. 
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In other words, greatest and least impact means that the signal presents the highest and 

least S4 values compared to the other signals. Figure 2.3 presents the percentage of the 

epochs in which each frequency suffered the greatest and the least impact, the sum for 

each frequency must be 100%.  

 

Figure 2.3 – Percentage of epochs in which the GPS frequencies suffered least and highest 

impact considering S4 classification level. The top left panel represents undisturbed level; 

Top middle panel represents weak level; Top right panel represents moderated level; 

Bottom left panel represents strong level; and bottom right panel represents saturated 

level. 

 

 

In general, the weak level (top middle panel in Figure 2.3), the moderated level 

(top right panel in Figure 2.3), and the strong level (bottom left panel in Figure 2.3) 

presented a similar behavior. The L1 signal suffered the least impact while the L5 

frequency suffered the greatest impact, that is, in most of the epochs, the L1 signal 

presented the least S4 values compared to the other signals, while the L5 signals presented 

the highest values. This behavior indicates that during scintillation presence, the L1 signal 

is less affected by the ionospheric layer. The undisturbed level (top left panel in Figure 

2.3) presented a different behavior. The L5 signal suffered the least impact, while the L2 
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frequency suffered the greatest impact. With the saturated level (bottom right panel in 

Figure 2.3), considering the least impact, the three frequencies showed a similar 

percentage. Considering the greatest impact, the L1 frequency was more affected than the 

other frequencies. To summarize the analysis, we estimated the mean S4 values and 

corresponding standard deviation, considering the S4 classification levels, presented in 

Table 2.2 

 

Table 2.2 – Mean and standard deviation for the GPS satellites PRN 24, 25 and 27, for 

03 November to 03 December 2014, considering the S4 classification levels. 

S4  Frequencies Mean of S4 Std. dev. of S4 

S4 ≤ 0.2 
L1 0.076 0.038 

L2 0.091 0.046 

L5 0.052 0.029 

0.2 < S4 ≤ 0.4 
L1 0.275 0.138 

L2 0.342 0.187 

L5 0.344 0.194 

0.4 < S4 ≤ 0.6 
L1 0.369 0.246 

L2 0.490 0.329 

L5 0.516 0.346 

0.6 < S4 ≤ 1.0 
L1 0.778 0.395 

L2 0.907 0.456 

L5 0.930 0.466 

1.0 < S4 ≤ 1.4 

L1 1.104 0.011 

L2 1.025 0.025 

L5 1.042 0.023 

 

The mean values and standard deviations confirm the analysis presented in Figure 

2.3. For the undisturbed level, the L2 frequency presented the highest mean value and 

standard deviation, indicating that it is more affected. Considering the weak, moderated, 

and strong levels, the mean values and standard deviations indicate that the L1 signal is 

less impacted by ionospheric scintillation, followed by L2 and L5, respectively. In 

addition, the mean and standard deviation values for the L2 and L5 signals are very 

similar. Therefore, these results suggest that both signals behave similarly during 

ionospheric scintillation. Due to the dispersive nature of the ionospheric layer, it was 

expected that losses of lock would affect the L1, L2, and L5 signals differently. The 

results confirm the expected behavior. The severity of ionospheric effects follows the 
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same relation considering the signal frequency.  The L2 and L5 signals are more likely to 

suffer from the loss of lock. This performance also can be explained by deep power fades 

associated with scintillation presence. Considering the saturated level, the L2 signal is 

less impacted followed by L5 and L1 signals.  

In general, we observed that during ionospheric scintillation, the magnitude of 

scintillations is smaller for the L1 signal and larger for the L5 signal. Despite the fact that 

the L5 signal is dedicated to safety applications, the results reveal a significant problem 

for this type of application, particularly in disturbed ionospheric scenarios. As the L5 

signal is the most affected under ionospheric scintillation, it may suffer more than other 

signals, causing positioning errors, loss of lock, and consequently leading to performance 

degradation and unavailability of service in receivers.  

 

2.3.2 Assessment of GPS point positioning at different frequencies 

 

Considering the positioning experiments, this section presents the Root Mean 

Squared Error (RMSE) obtained by the comparison between the static and kinematic PPP, 

considering the GPS signals and their combinations. The aim is to assess each frequency 

performance during the PPP processing. Regarding the satellites available by epoch, on 

average, there were 10 satellites transmitting the L1 signal, 8 transmitting L2P and 2 

satellites transmitting L5 signal. Figure 2.4 presents the RMSE results in 5 different 

configurations using the three GPS frequencies, considering all epochs of the day.  
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Figure 2.4 – RMSE results for PPP processing considering different configurations, for 

SJCE station level. The top panel represents the positioning considering single frequency 

L1 (light grey color) and L2 (dark color). The bottom panel represents the positioning 

considering multi-frequency: L1-L2 (light grey color), L1-L5 (dark grey color) an d L1-

L2-L5 (black color). 

 

 

The influence of the use of single or multi-frequency data in the positioning can 

be noticed in all obtained results. The RMSE values considering single frequency 

positioning are twice the RMSE values considering the dual frequency positioning.  

Concerning the single frequency positioning the RMSE obtained from the L2P signal 

(dark color) presented larger errors compared to the L1 signal (light grey color). This 

behavior can be explained due to the ionospheric error, which is inversely proportional to 

the squared frequency. Considering the multi-frequency positioning of the RMSE 

obtained from L1-L5 (dark grey color), they presented larger errors compared to L1-L2P 

(light grey color) and L1-L2P-L5. This can be explained due to the use of the linear 

combination of multi-frequency observables, which cancel out the ionospheric first-order 

influence. In addition, the RMSE obtained by the L1-L2P and L1-L2P-L5 presented 

similar values, except for DOY 323. In order to summarize the results, we estimated the 
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mean of RMSE considering the different GPS frequencies.  The results are presented in 

Table 2.3.  

 

Table 2.3 – Mean of RMSE, in meters, considering the GPS frequencies combinations. 

GPS frequencies 

combinations  

Mean of RMSE 

(m) 

L1 3.576 

L2P 6.037 

L1-L2P 0.258 

L1-L5 3.580 

L1-L2P-L5 0.250 

 

From Table 2.3, in all the considered cases, the RMSE values for the positioning 

using only L1 signal, are lower when compared with the RMSE value using L2P 

frequency. Considering the similar number of satellites transmitting both frequencies, the 

results indicate that L1 frequency is more accurate when compared with L2P frequency. 

As previously mentioned, this behavior was expected due to the dispersive nature of the 

ionospheric layer. Thus, L2 signal is more susceptible to loss of lock, which results in a 

loss of performance for precision applications. For multi-frequency positioning, it can be 

noted that RMSE values of L1-L5 signals positioning are similar to a single frequency 

(L1) positioning. Furthermore, it is noted that the RMSE values of L1-L2P signals 

positioning are also similar when using the three frequencies positioning (L1-L2P-L5). 

This behavior can be explained by the small number of satellites that transmits the L5 

signal for the period when the experiment was performed. On November 19, 2014 (DOY 

323) the multi-frequency positioning (L1-L2P and L1-L2P-L5) presented higher RMSE 

values when compared with the other days. This behavior can be explained by the 

ionospheric scintillation, the S4 index behavior over this day is presented in Figure 2.5. It 

can be noted that the highest S4 values were observed for DOY 323. 
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Figure 2.5 – S4 index from DOY 321 to 325 for SJCE station 

 
 

 

2.4 Conclusion  

 

This Section presented a quantitative analysis of the scintillation amplitude and 

the performance evaluation of the point positioning considering three different signal 

frequencies from GPS.  The data used were collected over 30 days, for the SJCE station, 

located in a Brazilian region characterized by strong scintillation occurrence.  

In a preliminary analysis, it was shown a visual comparison of the index values 

for each frequency. The results showed that when the scintillation is classified from weak 

to strong levels, the data from the L1 frequency are less affected when compared to the 

other GPS frequencies. In addition, STEC values and S4 values were compared. It was 

possible to observe a good correspondence between the occurrence of ionospheric 

bubbles and the increase in S4 index values. The results indicate a strong relationship 

between the occurrence of ionospheric scintillation and the presence of plasma bubbles. 

It investigated the occurrence rate for each intensity level of scintillation. The results 

showed that the greatest number of occurrences are obtained for undisturbed scintillation 

levels at the L1 signal when compared to the other frequencies. Also, there is a bigger 
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number of occurrences with strong and saturated scintillation levels for the L2 and L5 

signals.  

Considering the quantitative analysis, the S4 data was classified in scintillation 

levels to identify which frequency suffers the greatest and the least impact. In general, the 

weak, moderated, and strong levels presented a similar behavior, the magnitude of 

scintillations is small for the L1 signal and larger for L5. For the undisturbed scintillation 

level, the L5 signal suffered the least impact and L2 signal the greatest impact. In the 

saturated level, the three frequencies suffered a similar impact for the least impact. 

Therefore, the results confirmed that lower frequencies (L2-L5) suffer more impact of 

intense scintillation than L1.  

Considering the positioning, it was observed that multi-frequency is more accurate 

than single frequency positioning. For the multi-frequency positioning, the lower RMSE 

values were obtained using the three frequencies. With dual-frequency, it was observed 

that PPP using L1-L2P provided more accurate positioning when compared with L1-L5. 

Furthermore, it was noted that similar RMSE values were obtained with three frequencies 

and L1-L2P positioning. This behavior can be explained by the small number of satellites 

transmitting the L5 signal (~ 2 satellites) during the period used. Regarding the 

positioning considering single frequency, lower RMSE values were obtained with L1 

signal when compared to the L2P frequency. Therefore, the results indicate that the L1 

signal frequency is more robust than the other frequencies, even under ionospheric 

scintillation. It can be concluded that not only is the highest frequency less affected by 

the ionospheric delay, but it is also less affected by ionospheric irregularities such as 

ionospheric scintillation, except for the scenario of saturated levels of scintillation. 
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CHAPTER 3  

SINGLE FREQUENCY TEC CALIBRATION TO DETECT EQUATORIAL 

PLASMA BUBBLES 

 

3 SCOPE  

 

Chapter 3 answer if it is possible to detect plasma bubbles using single frequency 

measurements of GNSS. In this Chapter, a TEC using single frequency calibration 

procedure is developed to detect the equatorial plasma bubbles.  

 

3.1 Overview  

 

TEC represents the number of free electrons in the column of unit area along 

which the signal travels between the receiver and satellite (Leick, 2004). TEC is the main 

parameter capable to describe the properties of the ionosphere. Therefore, it can be 

considered as an important parameter for many applications, including satellite 

navigation and communication systems. For instance, ionospheric delay contributes to 

the absolute positioning error of GNSS-based applications. Autonomous receivers that 

operate on two or more frequencies can eliminate up to 99.9% of the ionospheric delay 

by using the so-called ionospheric free combination. However, single frequency receivers 

cannot reach this precision, requiring TEC calibration techniques or models to 

compensate for the ionospheric delay (Rovira-Garcia et al., 2020; Aragon-Angel et al, 

2021). 

TEC estimation procedures are being constantly improved. Global or regional 

ionospheric models can be utilized for the estimation procedure of ionospheric delay. 

Initial efforts for TEC estimation based on ionospheric models have been developed by 

Georgiadiou (1994) and Wild (1994). After GPS constellations became operational, IGS 

established the IGS Ionosphere Working Group (IGS IonoWG) in 1998 with the purpose 

of continuous ionospheric monitoring (Hernández-Pajares et al. 2009). GPS receiver data 

are the input data for producing the official IGS ionospheric models (Feltens 1998; 

Mannucci et al. 1998; Hernández-Pajares et al. 1999; Schaer 1999) and the results are 

made available in the form of Global Ionospheric Models (GIMs). Simultaneously to 

global models, Regional Ionospheric Models (RIMs) were developed such as La Plata 

Ionospheric Model (Brunini et al, 2004), ModIon (Camargo et al. 2000), and more 
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recently, the model by the Brazilian National Institute for Space Research (INPE – 

Instituto Nacional de Pesquisas Espaciais) (Takahashi et al 2016). TEC estimation 

procedure based on the development ionospheric models offers the benefit of ambiguity 

estimation. In addition, it can be considered an independent method, meaning it does not 

require external information about the ionosphere to perform TEC estimation. However, 

many stations are required to effectively implement this method. 

An alternative to estimate TEC with less computational effort than ionospheric 

modeling is performing TEC calibration procedures. Several studies have used TEC 

calibration methods (Ciraolo et al. 2007; Arikan et al. 2008; Montenbruck et al. 2014; 

Prol and Camargo 2014; Prol et al. 2018a). In summary, the TEC calibration method 

involves determining the receiver and satellite hardware biases for each individual station. 

Usually, the GNSS biases are determined using external ionospheric models. Besides 

requiring less computational effort, one of the benefits of the TEC calibration method is 

that it enables estimation for a single station without relying on a dense GNSS network.  

Although the GNSS networks provide dense information about the ionosphere, 

there is still a considerable computational limitation and a lack of TEC data. This lack of 

data can be associated with the low number of stations, and with disruptions in the 

received signal caused by ionospheric plasma bubbles under ionospheric scintillation, 

mainly in the low latitude regions, which are zones with high electron density variability 

(Li et al. 2021). Several studies have presented a close relationship between the presence 

of ionospheric plasma bubbles and severe ionospheric scintillations at different radio 

signals observed at low latitudes (e.g., Spogli et al. 2016; Xiong et al.2016 Morares et al. 

2018; Christovam et al. 2022). The scattering of radio signals is caused by variations in 

the refractive index of the ionosphere, which are directly related to fluctuations in electron 

density. Higher frequency radio signals present smaller changes due to inverse 

dependence on the ionospheric refractive index compared to lower frequency signals 

(Yeh and Liu, 1982; Bhattacharyya, 2022). As a result, lower frequency radio signals are 

more susceptible to stronger ionospheric scintillations than higher frequency signals. 

Therefore, considering the GPS signals, it is expected that the GPS L2 and L5 signals will 

suffer greater ionospheric interference when compared to the GPS L1 signal. 

In this regard, a single frequency TEC calibration method can be considered a 

viable alternative for imaging ionospheric bubbles in the presence of ionospheric 

scintillation. Aiming to investigate whether ionospheric plasma bubbles could be 

identified using single frequency measurements, a procedure for TEC calibration using 
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single frequency data is developed in this section. The proposed methodology is assessed 

through a statistical comparison of TEC values obtained with single and dual frequency 

signals, as well as analyzing ionospheric maps obtained in the Brazilian region. 

 

3.2  TEC Calibration 

 

TEC calibration is an alternative way to obtain the ionospheric delay with less 

computational effort when compared to  complete ionospheric models. Several studies 

have utilized calibration procedures for TEC estimation, such as Ciraolo et al. (2007), 

Montenbruck et al. (2014), and Prol et al. (2018a). In the current work, the calibration 

method used to estimate TEC dual frequency is based on Prol et al. (2018a) and modified 

for single frequency. The calibration method is developed in two steps. The first one 

estimates the bias terms. The second estimates the TEC values. The bias terms over one 

arc of data with no cycle slips can be computed by means of a linear combination 

corrected by TEC values retrieved by global ionospheric maps (GIMs). Once the biases 

term is estimated for all continuous arcs, the TEC in a single epoch is obtained. The 

method is implemented for single and dual frequency. The main difference is related to 

GNSS measurement combinations. For the single frequency, the combination between 

the observables 𝑃1 − 𝐿1 so-called Code-Minus-Carrier (CMC) is used since it eliminates 

all geometry-dependent components. Considering dual-frequency data, the calibration is 

performed by the geometry-free combination 𝐿1 − 𝐿2. It eliminates all the terms 

independent on the frequencies, such as the tropospheric delay, clocks, and geometric 

distance. The TEC using dual frequency (𝑇𝐸𝐶𝐷𝐹) and single frequency (𝑇𝐸𝐶𝑆𝐹) for each 

epoch are computed using the following equation, respectively:  

 

𝑇𝐸𝐶𝐷𝐹 = 𝐹 × ((𝐿1𝜆1 −  𝐿2𝜆2) − 𝐵𝐷𝐹)    (3.1) 

 

𝑇𝐸𝐶𝑆𝐹 = 𝐾 × ((𝑃1 −  𝐿1𝜆1) + 𝐵𝑆𝐹)    (3.2) 

 

where  𝑃𝑖 and 𝐿𝑖   are the GNSS pseudorange and carrier phase for frequency 𝑓𝑖, 

respectively; 𝜆𝑖 is the wavelength in meters; 𝐾 and 𝐹 terms convert meters of delay to the 

electrons/m2 units, being  𝐾 = (𝑓
𝐿1

2 (2 × 40.3)⁄ )  and 𝐹 = 𝑓𝐿1
2 𝑓𝐿2

2 /40.3 × (𝑓𝐿1
2 − 𝑓𝐿2

2 ), 
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respectively. 𝐵𝐷𝐹 and 𝐵𝑆𝐹 represent the bias terms and the residual errors for single and 

dual frequency, respectively. A bias term for dual (𝐵𝐷𝐹) or single frequency (𝐵𝑆𝐹) over 

one arc of data with no cycle slips are estimated using 𝑇𝐸𝐶𝑖𝑛𝑥 retrieved by global 

ionospheric models (GIMs), as following: 

 

𝐵𝐷𝐹 = 
1

𝑛𝑜𝑏𝑠
 ∑ (𝐿1𝜆1 −  𝐿2𝜆2) −  

𝑇𝐸𝐶𝑖𝑛𝑥

𝐹

𝑛𝑜𝑏𝑠
𝑗=1     (3.3) 

 

𝐵𝑆𝐹 = 
1

𝑛𝑜𝑏𝑠
 ∑ (𝐿1𝜆1 −  𝑃1) +  

𝑇𝐸𝐶𝑖𝑛𝑥

𝐾

𝑛𝑜𝑏𝑠
𝑗=1     (3.4) 

where 𝑛𝑜𝑏𝑠 represents the number of observations in arc with continuous data.  

 

3.3  Results  

 

3.3.1 Comparison between single and dual frequency STEC values 

 

To perform a validation of the TEC calibration procedure, the STEC values with 

single and dual frequency are compared. Three representative stations are chosen to cover 

different latitudinal regions of the ionosphere, belonging to RBMC (Brazilian Network 

for Continuous GNSS Monitoring). The selected stations are BELE (1.4° S, 48.5° W), 

CHPI (22.7° S, 45.0° W); and POAL (30.1° S, 51.1° W). BELE station is located near 

the geomagnetic equator, CHPI is located near the southern crest of the equatorial 

anomaly whereas POAL is closer to the mid-latitude region.  The STEC data are 

computed for day 006 of 2014 (DOY 006), with clear ionospheric plasma bubble 

occurrence. In addition, it is considered a 30° cut-off elevation angle to avoid multipath 

errors.  

Figure 3.1 shows a comparative example of STEC values obtained by the 

calibration procedure with single (left panel) and dual frequency (right panel). The values 

are expressed in TEC Units (TECU – 1016 el/m²).  It can be noted that daily behavior 

between the results is similar. The STEC values present maximum and minimum values 

at 14 h LT and 5h LT (UT = LT+3), respectively, due to the gradual variations in the 

electronic density over the day. As expected, the STEC values obtained with single 

frequency are noisier than the dual frequency values, due to the observable (pseudorange) 

in the CMC model.  
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Figure 3.1 – STEC values estimated for each GPS satellite for DOY 006 of 2014 at CHPI 

station. The left panel shows the STEC values obtained with single frequency whereas 

the right panel presents with dual frequency. The different colors represent different 

satellites. 

 

 

Figure 3.2 shows a visual comparison of STEC values for one arc of data obtained 

with single and dual frequency at CHPI station for GPS PRNs 2 and 19. According to 

visual comparison, the single-frequency TEC data agree with dual frequency data. The 

main difference between the STEC values is that the values derived from single frequency 

are noisier than the dual frequency values. The discrepancies vary between ±2.5 TECU, 

where this difference corresponds to the overall noise level and multipath of code 

measurements. The largest errors can be associated with low satellite elevations. In 

addition, the STEC depletions of the satellite PRN 19 indicate that the ionosphere is 

disturbed by ionospheric plasma bubble irregularities. A maximum STEC depletion of 

approximately 50 TECU occurred between 02:00-03:00 UT. Additionally, it is evident 

that the differences between the STEC measurements obtained through single and dual 

frequency methods are slightly larger during the occurrence of ionospheric bubbles.  
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Figure 3.2 – Visual comparison of STEC (left panel) and discrepancies (right panel) 

between single and dual frequency for DOY 006 of 2014 at CHPI station for GPS PRNs 

2 and 18. Black and red lines present the STEC values obtained with single and dual 

frequency, respectively.  

 

 

Figure 3.3 shows the STEC values obtained with single and dual frequency for 

different latitudes. The discrepancies between the STEC values are also presented (right 

panel). The STEC values obtained with single and dual frequency showed a similar 

behavior. The discrepancies vary between ±2.5 TECU where this difference corresponds 

to the noise level of pseudorange measurements. The largest discrepancies are obtained 

for CHPI, reaching up ± 5 TECU, followed by BELE station.  CHPI is located under the 

EIA south crest, region with the highest ionospheric variability, whereas BELE is located 

in the trough of EIA. Due to seasonal variations, during the solstice months (summer), 

the ambient electron density and the plasma density gradients are more intense to produce 

ionospheric irregularities, with much higher variabilities in the latitude of CHPI. These 

irregularities cause higher variability in CHPI when compared to the BELE station closer 

to the geomagnetic equator. The smallest discrepancies in TEC values were observed for 



34 

 

 

POAL, located outside ow southward of the IEA crest. A summary of the statistical 

information of the discrepancies considering all available satellites is listed in Table 3.1. 

 

Figure 3.3 – STEC estimated for each GPS satellite for DOY 006 of 2014 for CHPI, 

POAL and BELE stations. The left and central panels show the STEC obtained with 

single and dual frequency, respectively.  The right panel shows the discrepancies between 

the dual and single frequency.  

 

Three parameters are used to evaluate the discrepancies between single and dual 

frequency obtained with the calibration method: mean, standard deviation (STD), and the 

root mean- square (RMS) of the difference. The statistical values computed considering 

32 GPS satellites are presented in Table 3.1. In general, the mean discrepancy tends to 

zero, which means that there is no systematic difference between the methods for 

representing the daily behavior of STEC. The statistical information confirms the results 

presented in Figure 3.3. The higher discrepancies were obtained for CHPI followed by 

BELE and POAL stations. In terms of STD and RMSD, the POAL and BELE stations 
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presented similar statistical values, whereas the CHPI showed approximately twice as 

many values. The STEC values obtained with single frequency were acceptable, with the 

discrepancies corresponding the random noise level.  

 

Table 3.1 – Mean, standard deviation, and root mean square of the difference between 

single and dual frequency for DOY003, 2014. The statics values are presented in 

TECU.  

Stations 
Mean 

(TECU) 

STD 

(TECU) 

RMS 

(TECU) 

POAL 0.0001 0.5850 0.5850 

CHPI 0.0782 1.5431 1.5452 

BELE 0.0003 0.7393 0.7393 

 

 

3.3.2 Ionospheric Maps  

 

To answer if it is possible to detect the ionospheric plasma bubbles using single 

frequency measurements, this section presents a visual inspection over the generated 

maps. We present the single frequency maps and compare them with dual single 

frequency. For the ionospheric maps, GNSS data from 189 stations from IGS, RBMC, 

RAMSAC (Red Argentina de Monitoreo Satelital Continuo), CIGALA/CALIBRA 

(Countering GNSS high Accuracy applications Limitations due to Ionospheric 

disturbances in Brazil), and LISN (Low latitude Ionospheric Sensor Network) networks 

are used. The location of GNSS stations used for the regional maps is shown in Figure 

3.4 (left panel).  The ionospheric maps are estimated based on the calibrated STEC values 

with single and dual frequencies. Figure 3.4 (right panel) provides an idea of the spatial 

distribution of the IPPs available for DOY 032 of 2014 at 1.8 h UT. The IPPs are obtained 

assuming an ionospheric peak height at 450 km altitude. It can be noted a low number of 

IPPs in the Amazon Forest, that impairs the spatial resolution in this area. In addition, the 

ionospheric plasma bubble can be seen aligned with the geomagnetic equator, located at  

50° W and 20º S, which is characterized by the depletion surrounded by higher VTEC 

values.  

For the ionospheric maps, it was adopted a grid with a horizontal resolution of 1° 

in latitude and 1° in longitude. Since the IPPs are irregularly distributed, a spatial 
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interpolation is carried out over the region of interest. To cover the entire area with VTEC 

values, the inverse distance interpolation is applied over the IPPs.  

 

Figure 3.4 – Location of GNSS stations used in ionospheric maps (left panel). The dashed 

line represents the Magnetic Equator. The right panel shows the IPPs spatial distribution 

for DOY 032 of 2014, at 1.8 h TU.  

 

Figure 3.5 shows the interpolation method adopted to map the ionospheric plasma 

bubbles. To perform the interpolation method, it is necessary a minimum of three IPPs 

within the search window. Initially, in the first panel of Figure 3.5 only one IPP was found 

in the search window (red) not reaching the criteria for the interpolation process. In the 

second panel of Figure 3.5 the search window is expanded to two cells, where two IPPs 

are found, not reaching the criteria. Then, the search window is expanded to three cells, 

where only two IPPs are found, failing in the adopted criterion. Since the criteria of this 

example is reached in no previous steps, the cells are filled with the null value. This 

process aims to mitigate the irregular distribution of IPPs. In areas with low density in 

terms of sample points, the IPPs are eliminated avoiding the generalization in the maps. 

In areas with high density, the ionospheric representation shows more details, since the 

grid is narrow, and the smoothing effect of the interpolation is less significant.  
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Figure 3.5 – IPPs interpolations method. The colored points represent the different IPP 

in the grid. The search window is represented in red.  

 

 

To evaluate the TEC maps obtained with single frequency, the maps obtained with 

single and dual frequency are compared. Figure 3.6 shows a sequence of VTEC maps for 

DOY 032 of 2014 with single and dual frequency with a temporal evolution of 6 min, as 

well as the difference obtained with the maps.  It can be noted that the ionospheric maps 

are similar. The bottom panel in Figure 3.6 shows that the discrepancies are around ± 2 

TECU, however, the largest differences are centered on zero. The largest discrepancies 

are in the EIA region, due to the higher ionospheric variability. In this region, the high 

level of ionospheric irregularities is responsible for the generation of ionospheric 

scintillations in the GNSS signals, which produces GNSS loss of lock and reinitializations 

of the TEC calculation. VTEC mapping for single and dual frequency provide large-scale 

coverage of the plasma bubbles. In both maps, it can be seen the formation and evolution 

progress of the two plasma bubbles. Although the TEC data obtained with single 

frequency is noisier than the dual frequency data, it is possible to successfully observe 

the ionospheric plasma bubbles.  

 

 

 

 

 

 

 

 

 

 



38 

 

 

Figure 3.6 – Comparison of VTEC maps, for DOY 032 of 2014 between 1.0 UT to 1.8 

UT. The top and central panel represents the TEC maps obtained with TEC dual and 

single frequency, respectively. The bottom panel shows the difference between single 

and dual frequency.  

 

 

3.4  Conclusion  

 

The calibration method, for single frequency TEC estimation to detect ionospheric 

plasma bubbles was presented.  For the comparison purpose, TEC dual frequency values 

were also estimated. The single and dual frequency TEC data showed quite similar values. 

The discrepancies were around ± 2.5 TECU, except for the CHPI station which showed 

a discrepancy higher than 5 TECU. The station CHPI is located near the EIA south crest, 

which presents high ionospheric variabilities. As expected, TEC values obtained with 

single frequency were noisier than those obtained with dual frequency.  The main 

difference between the single and dual frequency TEC values corresponds to the overall 

noise level and multipath coming from the GNSS combination based on pseudorange 
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measurements. In terms of statistical analysis, the mean, STD, and RMS differences 

between single and dual frequency also confirmed that discrepancies correspond to the 

pseudorange random noise. 

Analyzing the VTEC maps, it was confirmed the possibility to detect the 

ionospheric plasma bubbles based on single frequency GNSS TEC data. The ionospheric 

maps obtained from single frequency data presented a good imaging of the plasma 

bubbles. It is important to mention that the code noise issues from the CMC combination 

were not able to impair the plasma bubble imaging. The greatest discrepancies between 

the single and dual frequency VTEC maps were found along the southern EIA crest. Since 

this region is more susceptible to ionospheric effects, reinitializations of the TEC 

estimation were observed.  

The proposed method to calibrate the TEC single frequency was revealed as an 

efficient tool for mapping the ionospheric plasma bubbles. This approach can provide 

new opportunities, particularly for ionospheric sounding in the real-time, as it is faster 

than traditional TEC models. Another relevant applicability of the TEC single frequency 

calibration is that during the last decade, the number of low-cost GNSS receivers has been 

continuously increasing, especially with growing number of cell phones that make single-

frequency GPS receivers with performance available for positioning (Gikas and Perakis 

2016, Hernandez-Pajares et al. 2018). In future, it would be relevant to evaluate the 

capabilities of the proposed calibration method with low-cost cell phone data.  
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CHAPTER 4  

PLASMA BUBBLE IMAGING BY SINGLE FREQUENCY GNSS 

MEASUREMENTS 

 

4 SCOPE 

 

Chapter 4 summarizes the ionospheric model developed by Christovam et al 

(2023a). This chapter presents a methodology based on a regional model to calibrate GNSS 

single frequency measurements and derive ionospheric maps showing plasma bubbles in 

one of the most challenging conditions, the Brazilian region. The results were validated by 

the comparison between airglow and TEC single frequency maps in terms of keograms and 

drift velocities of the ionospheric plasma bubbles.  

 

 4.1  Overview  

 

Equatorial plasma bubbles are large-scale depletions in the ionospheric plasma 

density developed due to ionospheric plasma irregularity. They are mainly caused by the 

postsunset electrodynamic process. In the equatorial region, shortly after sunset, an 

increase in the eastward electric field causes initial plasma depletions to rise to higher 

altitudes. This uplift contributes to an increase in the vertical growth of the plasma-

depleted magnetic flux tubes and forms large depleted structures by the Rayleigh–Taylor 

instability mechanism (de Paula et al. 2007; Hasse et al. 2010; Abdu 2016; Muella et al. 

2017; Barros et al. 2018). 

 According to Nishioka et al. (2008), there are other physical factors that must be 

considered to understand the behavior of plasma depletions, such as postsunset zonal 

wind, low atmospheric disturbances, and meridional/transequatorial gradients. These 

atmospheric disturbances govern the local instability mechanisms; however, the plasma 

bubbles are also associated with ionospheric temporal variations. Sobral (1985) showed 

that the plasma bubble occurrence presents a seasonal maximum centered around the 

summer solstice month. Sahai et al. (2000) and Agyei-Yeboah et al. (2019) showed a 

strong correlation between plasma depletions and solar activity. Makaela et al. (2004) and 

Burke et al. (2003) presented seasonal-longitudinal variability, and Fagundes et al. (2005) 

showed variation during several days as well as day-to-day variation. Despite these 
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significant advances in the understanding of the characteristics of the plasma bubbles, this 

is a phenomenon not fully understood. 

Plasma bubble imaging can bring relevant new knowledge about the 

characteristics of depletions. Takahashi et al. (2015), for instance, performed plasma 

bubble imaging by TEC maps and 630 nm airglow images. They have found plasma 

bubble longitudinal widths on the order of a few hundred kilometers, typically extended 

along the magnetic field lines to magnetic latitudes of about ±20°. The authors showed 

that both TEC and airglow images can detect the spatial and temporal evolution of plasma 

bubbles. However, optical imaging has a better spatial resolution, but TEC maps have an 

advantage in spatial coverage and continuous monitoring (day and night). Oliveira et al. 

(2020) presented a methodology to create TEC keograms. The results were validated by 

comparing them with results from other geophysical instruments, such as all-sky imagers, 

digital ionosondes, and scintillation monitors. The authors concluded that TEC maps are 

effective in supplying information not available from other sources. Prol et al. (2018b) 

showed the first results of a tomographic reconstruction technique for imaging 

ionospheric bubbles using radio-occultation and ground-based GNSS data. The 3-D maps 

estimated by tomography allowed to describe both horizontal and vertical structures of 

the ionospheric plasma bubbles. The authors concluded that the presented technique is 

more efficient in lower latitudes where the plasma bubbles present larger dimensions. In 

the region with the highest ionospheric variability, such as around the crests of the 

equatorial ionization anomaly (EIA), the technique showed the lowest rate of success. 

The authors explain that GNSS loss of locks and tracking reinitializations provided too 

few observations to obtain good performance in plasma bubble imaging.  

Based on the previous works, it can be concluded that equatorial plasma bubble 

imaging is a hard task since the all-sky imagers present a limitation related to plasma 

bubble monitoring due to the dependence on favorable weather conditions, i.e., when 

there are no clouds or sources of light noise. Airglow images also have a low coverage 

area, with approximately 1600 km in latitude and longitude, which corresponds to about 

15°. However, the plasma bubbles can reach sizes up to 3 times larger than the coverage 

area of the imagers. Besides the all-sky imagers, there are other techniques to detect the 

plasma bubbles, such as VHF radars (Tsuonda, 1981; Abdu et al., 2009), satellite in situ 

measurements (Easters et al. 2019; Aa et al. 2020; Karan et al. 2020), ionosondes (Abdu 

2003, 2012; Lee, 2005) and GNSS receivers (Takahashi et al. 2014, 2015; Souza et al. 

2021), but they also have spatial/temporal limitations.    
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Another issue is the lack of continuous GNSS data tracking to generate TEC maps, 

which is mainly related to the presence of ionospheric scintillations. Indeed, during 

scintillation events, the receiver can completely fail to track the GNSS signals (Moraes et 

al. 2018). Delay et al. (2015) presented a statistical analysis of the GPS L1, L2, and L5 

signal performance during ionospheric scintillation events using the amplitude 

scintillation index. The results indicated that the probability of interrupted tracking was 

larger on L2 and L5 than on the L1 signal. Similarly, Moraes et al. (2017) also showed 

that the scintillation occurrence increased as GPS frequencies decreased when the 

receiver was not enabled to estimate TEC with dual frequency observations during the 

period of intense scintillations. During strong ionospheric scintillation events, the L1 

signal is less sensitive to loss of locks than using dual frequency. Even though this is 

important for mapping plasma bubble structures, single-frequency TEC data has never 

been used before this work to detect plasma bubbles. 

The main problem with using single frequency TEC is that there is the possibility 

the plasma bubbles cannot be detected due to the noise in the code measurements. To 

further analyze this point, this Chapter aims to understand if plasma bubbles can be 

detected using single frequency GNSS measurements. To this end, it was developed a 

regional model to calibrate the single-frequency GNSS measurements and derive TEC 

values. Then, the efficiency of TEC maps in detecting plasma bubbles is shown. 

Simultaneous observations of all-sky images were used as a reference to the validations. 

Main comparisons were performed using keograms obtained from single frequency TEC 

and airglow data. The drift velocities of the ionospheric plasma bubbles detected by 

keograms using TEC and airglow data are also discussed.  

 

4.2  TEC estimation using single frequency data by regional modeling 

 

The main goal in the TEC using single frequency estimation is to provide a 

feasible data source to map the plasma bubbles. The mathematical formulation to extract 

TEC data using single frequency GNSS observations is developed in three stages. In the 

first stage, the conversion of single-frequency GNSS observations to non-calibrated TEC 

data is performed. The second refers to ambiguity estimation by spherical harmonic 

modeling of the VTEC. The third stage is related to the regional interpolation of the 

vertical TEC (VTEC) values in order to detect the plasma bubble structures.  
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The model is performed using single frequency data from approximately 200 

ground-based receivers from the continuous operating GNSS stations throughout 

America. The data from RBMC, IGS, CIGALA/CALIBRA, LISN, and RAMSAC are 

used. The stations are chosen to cover all latitudes, with a particular interest in South 

America since it is the region of interest to our plasma bubble detection. The locations of 

the GNSS stations are presented in Figure 4.1. 

  

Figure 4.1 – GNSS single frequency stations used in the model. The colored dots 

represent the location of the stations for the different networks. The dashed line shows 

the geomagnetic equator. 

 

 

4.2.1 Conversion of single frequency GNSS observations to non-calibrated TEC data  

 

In the first stage, carrier phase and pseudorange measurements obtained by GNSS 

receivers are used as main observations to derive the non-calibrated TEC data. The raw 
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mathematical representation of the observations, in meters, can be summarized as 

follows:  

𝑃𝑖 =  𝜌 + 𝑐(𝑑𝑡𝑟 − 𝑑𝑡𝑠) + 𝐼𝑖 + 𝑇 + 𝑀𝑖 + 𝐷𝑖 +  𝜀𝑃    (4.1) 

 

𝐿𝑖 =  𝜙𝑖𝜆𝑖 =  𝜌 + 𝑐(𝑑𝑡𝑟 − 𝑑𝑡𝑠) − 𝐼𝑖 + 𝑇 + 𝑚𝑖 +  𝑁𝜆𝑖 + 𝑏𝑖 + 𝜀𝜙  (4.2) 

 

where  𝑃𝑖 and 𝐿𝑖 or  𝜙𝑖 are the GNSS pseudorange and carrier phase for frequency 𝑓𝑖, 

respectively, 𝜆𝑖 is the wavelength in meters, 𝜌 represents the geometric distance between 

the satellite and receiver, 𝑐 is speed of light in a vacuum, 𝑑𝑡𝑟 and 𝑑𝑡𝑠 are clock error in 

receiver and satellite, respectively, 𝐼 and T represent the ionospheric and tropospheric 

delay, respectively, 𝑀 and  𝑚  represent the multipath delays for pseudorange and carrier 

phase respectively, 𝑁 is the integer ambiguity of the carrier phase, 𝐷𝑖 and 𝑏𝑖 correspond 

to the code and phase  instrumental delays,  𝜀𝑃 and  𝜀𝜙 are the residual error in the code 

and carrier measurements, respectively. The subscript 𝑖 represent the signal frequency.  

TEC data is typically estimated using dual-frequency GNSS measurements by the 

geometry-free combinations 𝑃1 − 𝑃2 and 𝐿1 − 𝐿2. This procedure eliminates all the terms 

independent on the frequencies, such as troposphere, clocks, and geometric distance, but 

includes a dependence on the 𝑃2 and 𝐿2 measurements. As shown by Delay et al. (2015) 

and Moraes et al. (2017), the 𝑃2 and 𝐿2 measurements are more susceptible to ionospheric 

scintillations, which motivated us to perform the TEC estimation by the single frequency 

GNSS measurements 𝑃1 and 𝐿1. When using one frequency (𝑓𝐿1), the combination 

between the observables named Code-Minus-Carrier (CMC) is typically used since it 

eliminates all geometry-dependent components, as follows (Schuler and Oladipo 2013; 

Hein et al. 2016; Cooper et al. 2019, Tongkasem et al. 2022): 

 

𝐶𝑀𝐶 = 𝑃1 − 𝐿1𝜆1  = 2𝐼1   − 𝑁 𝜆 + 𝐷1 − 𝑏1 + Δ𝜀   (4.3) 

 

where the ionospheric delay on L1 signal can be expressed by: 

𝐼1  =    
40,3

𝑓𝐿1²
 𝑇𝐸𝐶     (4.4) 

which leads to the following relation between the TEC values and CMC observations: 

 

𝑇𝐸𝐶𝑅 =  𝑘 × (𝐶𝑀𝐶 + 𝑁 𝜆1)     (4.5) 
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with 

𝑘 =
𝑓𝐿1

2

2 ×40,3 
      (4.6) 

 

being a term that converts meters of delay to the electrons/m2 units.  

The relative TEC (𝑇𝐸𝐶𝑅) values provided by (4.5) are biased, i.e., there is the 

ambiguity, instrumental delay and multipath term, 𝐵. As a consequence, the estimated 

value can be referred as non-calibrated TEC. This non-calibrated TEC is much noisier 

than typical dual-frequency TEC since the pseudorange noise, due to the inherent 

precision of the observable and the typically important multipath 𝑀, remains in the CMC 

combination. Therefore, the TEC accuracy obtained by the CMC combination is limited 

by the code noise and multipath error level.  

 

4.2.2 Bias term estimation by Spherical Harmonic Modeling 

 

The non-calibrated TEC represents the main combined ambiguity and 

instrumental delay term among the multipath ones, which remain mostly constant and 

need to be solved. In the second stage, this problem is solved using the spherical harmonic 

expansion model. The main goal is to determine the harmonic coefficients and ambiguity 

terms related to non-calibrated TEC. The order of spherical harmonics expansion depends 

on the coverage area. For the regional, continental, and global size, normally, it uses 4th, 

8th, and 15th order, respectively. For instance, the Center for Orbit Determination in 

Europe (CODE) uses order fifteen of spherical harmonic functions to describe the global 

total electron content of the earth’s ionosphere every one or two hours. In this work, it is 

adopted the same spherical harmonic developed as Schaer (1999); however, it used all 

GNSS data collected 24 hours in local time (LT) and latitude reference frame. Then, the 

model gets the necessary coverage to estimate the spherical harmonic coefficients with 

high harmonic order. In this regard, the bias terms can be computed with the following 

equation:  

𝑀𝐹 × [𝑘 × (𝐶𝑀𝐶 + 𝑁 𝜆1)] = ∑ ∑ 𝑃̃𝑛𝑚
𝑛
𝑚=0

𝑛𝑚𝑎𝑥
𝑛=0 (𝑠𝑒𝑛𝜑𝑚

𝑖𝑝)[𝐴𝑛𝑚 cos(𝑚𝜆𝑠
𝑖𝑝) +

𝐵𝑛𝑚 sin(𝑚𝜆𝑠
𝑖𝑝)]         (4.7) 
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where 𝜑𝑚
𝑖𝑝

 is the latitude of the ionospheric pierce point (IPP),  𝜆𝑠
𝑖𝑝

 is the longitude of IPP 

in terms of  LT, 𝑛𝑚𝑎𝑥 is the maximum degree of expansion, 𝐴𝑛𝑚 and 𝐵𝑛𝑚 are the 

ionosphere model coefficients, 𝑃̃𝑛𝑚 are the normalized Legendre polynomials of degree 𝑛 

and order 𝑚, and 𝑀𝐹 is the standard mapping function (Schaer, 1999). The number of 

parameters is calculated by (𝑛𝑚𝑎𝑥+1)², where  𝐴𝑛𝑚, 𝐵𝑛𝑚 and 𝑁 are unknown parameters 

to be estimated by the least square method. For the experiments, the order of spherical 

harmonics expansion is equal to 15. 

Cycle slips and gross errors in the carrier phase observations should be removed 

before using the CMC in the spherical harmonic model. To this end, TEC values obtained 

with the single-frequency GNSS measurements were used to detect cycle slips and gross 

errors. The non-calibrated TEC values between two epochs are compared. If the 

difference between the epochs is higher than the threshold, a new arc of data is created. 

It used a threshold equal to 4 TEC Units (TECU), being 1 TECU = 1016 el/m². It should 

be noted that we are using local time (LT) to develop the spheric harmonic (SH) model. 

Since most of the GNSS stations used in the model are defined in a specific longitudinal 

section (over the Brazilian region), the LT and UT are very similar among the stations. 

That is why using 24 hours of data is not including huge problems in the estimation. 

Another point is that we use the 15th order spherical harmonic expansion to estimate only 

the ambiguity and instrumental delay term related to non-calibrated TEC. Since the 

ambiguities and DCBs remain constant over several hours, the remaining 24 LT data 

merging errors are averaged out. 

Figure 4.2 is presented in order to show an example of the resulting spherical 

harmonic model with single frequency GNSS data in terms of latitude and local time for 

the Brazilian region in the Day of Year (DOY) 024 of 2014. This map covers several 

latitudes since stations located in the Southern and Northern hemispheres were required 

for the harmonic expansion. However, the spherical harmonic estimations are more 

precise in the South America region due to the higher coverage. It may be noted that 

several ionospheric dynamics are represented, including the daily and seasonal 

ionospheric variations. 
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Figure 4.2 – Example of Spherical harmonic model with single frequency GNSS data in 

terms of latitude and local time at 0h LT for the Brazilian region for January 24, 2014. 

 

 

4.2.3 Regional Interpolation  

 

Once the ambiguity and instrumental delay terms are calculated for all transmitter-

receiver phase continuous arcs (i.e. without cycle-slips), the next step is carried out to 

estimate the absolute (i.e. calibrated) TEC values and interpolate them on a regional scale. 

The TEC single frequency value in a single epoch is directly calculated using the 

following equation: 

 

𝑇𝐸𝐶 = (𝑘 ×  𝐶𝑀𝐶) − 𝐵     (4.8) 

 

where only arcs with a minimum of 50 epochs of continuous data and with a cutoff angle 

of 20° were used in the experiments.  

Given the calibrated single frequency TEC measurements, a conversion to VTEC 

is performed with the standard mapping function and a spatial interpolation is carried out 

over the region of interest. The grid over the Brazilian region is constructed with a 

horizontal resolution of 1° in latitude and 1° in longitude, with an ionospheric shell height 
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of 450 km in altitude and temporal resolution of 6 minutes. To cover the entire area with 

VTEC values, the inverse distance interpolation was applied over the IPPs. Figure 4.3 

presents IPPs over the Brazilian region at 01:30 UT on January 03, 2014. The total 

number of IPPs was 14671. It may be noticed that there are different IPPs densities for 

each region. The southeast is followed by the northeast as the region with the highest 

density of IPPs, containing 4410 and 3939 IPPs, respectively. The southwest region 

presented a relatively high-density with 3882 IPPs. However, a few IPPs were available 

in the northwest region, 2440 IPPs, due to the low number of GNSS receivers, mainly in 

the Amazon forest region.  

 

Figure 4.3 – Spatial distribution of the IPPs over the Brazilian region during the night of 

January 03, 2014 (DOY003); the dashed line indicates the geomagnetic equator. 

 

 

4.3  Results 

 

The validation of the single-frequency TEC measurements as a feasible data 

source to map plasma bubbles is presented in this Section. The next sub-section presents 

a comparative example of single-frequency VTEC maps and the corresponding airglow 

images. Then, the proposed method is validated by comparing the airglow and VTEC 
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maps in terms of keograms. Additionally, discussions are presented to analyze the 

estimated drift velocities of the ionospheric bubbles.  

For the experiments, the data used in this study are based on TEC single frequency 

measurements obtained by the developed method. The analyzed period is referred to as 

the maximum of the solar cycle 24. Days with clear evidence of plasma bubbles over the 

Brazilian region with optical instruments were selected. The days chosen were DOYs 3-

9, as well as 21-31 of 2014. Three optical instruments were used. Two of them are located 

in the low-latitude, at Boa Vista (2.8° N, 60.7° W) and São João do Cariri (7.4° S, 36.5° 

W). The other station is located near the EIA south crest at Cachoeira Paulista (22.7° S, 

45.0° W). In the optical images (OI) from 630.0 nm atomic oxygen emission, i.e., OI 630 

nm all-sky images, are the main bands to show the intensity of the depletions associated 

to plasma bubbles. The airglow images are publicly available at the INPE (Instituto 

Nacional de Pesquisas Espaciais) data archive. The images cover an area of 

approximately 1280 km x1280 km with a pixel resolution of 2.5 km.  

 

4.3.1  Case study: DOY 003, 2014 

 

Figure 4.4 shows a comparative example of VTEC maps and the corresponding 

airglow images. Figure 4.4 (left) shows a VTEC map obtained with single-frequency data 

and Figure 4.4 (middle) shows a dual-frequency VTEC map in DOY 003 at 1:30h UT 

(Universal Time). The TEC maps cover an area of 30°–75° W and 10° N–35° S with a 

temporal resolution of 6 min. It is possible to identify in both maps four plasma bubble 

signatures almost aligned with the geomagnetic field in the VTEC maps, indicated by the 

dashed lines. The depletions shown on both VTEC maps coincide with the depletions 

shown in the airglow images, characterized by dark bands. It is clear that the airglow and 

VTEC maps are observing the same plasma bubbles. In addition, it can be noted a great 

discrepancy between the VTEC maps in the region of approximately 10°N, 65°W. In the 

single frequency VTEC map (Figure 4.4 left), the values reached 50 TECU, whereas in 

dual frequency (Figure 4.4 middle), these values did not reach 40 TECU. This is mainly 

due to the low number of GNSS stations in this region. According to our method, as the 

number of GNSS stations increases, the discrepancies decrease. However, it is important 

to highlight that code noise and multipath issues from the CMC combination could not 

impair plasma bubble imaging. In addition, Figure 4.4 (right) shows the plasma bubbles 

as dark bands. Notice a slight difference between the plasma bubbles detected with TEC 
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data (represented by black dashed lines) and airglow images (represented by red dashed 

lines). This can be explained by the tilted westward motion of the plasma bubbles with 

increasing height. As Takahashi et al. (2015) mentioned, the longitudinal discrepancy 

between the instruments due to this effect is approximately 1°, corresponding to about 

111 km.   

 

Figure 4.4 – Comparative example between plasma bubble signature in VTEC maps and 

airglow images. Both images were obtained on the night of January 03, 2014 (DOY003), 

at 01:30h UT. The left and middle panels show the TEC maps obtained by the proposed 

method, using single frequency (GPS L1 signal) and dual frequency (GPS L1 and L2 

signal), respectively. The black line represents the position of the geomagnetic equator, 

and the dashed line represents the ionospheric bubble locations. The right panel shows 

the plasma bubbles as dark bands of the airglow observations. OI 630 nm images and the 

grayscale are given in units of normalized intensity (NI); the red dashed line represents 

the ionospheric plasma bubbles region. 

 

Figure 4.5 (left) shows an example of day 003 of 2014 of the STEC values 

obtained by the proposed method with dual and single frequency for station BOAV. 

Figure 4.5 (middle) shows a visual comparison of one arc of STEC data. As expected, the 

STEC values obtained with single frequency are noisier than the dual frequency values. 

Figure 4.5 (right) shows the satellite elevation angle and the STEC difference between 

dual and single frequency calculated for the arc data presented in Figure 4.5 (middle). It 

should be noted that the difference varies between ±2.5 TECU, where this difference 

corresponds to the overall noise level of code measurements. The largest errors are 

associated with low satellite elevations. According to visual comparison, the single-

frequency TEC data agree with dual-frequency data. In addition, the residual statistics 

were computed and the mean error between single and dual frequency was -1.23 TECU. 

The standard deviation and the root mean squared differences were ±1.41 and 2.82 TECU, 

respectively. 
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Figure 4.5 – Comparative example of STEC values obtained with single and dual 

frequency. The left panel shows STEC data obtained with single and dual frequency for 

day DOY003 of 2014 at station BOAV. The middle panel visually compares one arc 

STEC data obtained with single and dual frequency. Dark blue and red lines represent 

STEC values obtained with single and dual frequency, respectively. The right panel 

shows the discrepancies between dual and single frequency for the STEC arc data 

presented in the middle panel.  

 

 

To show more details of the comparison between TEC and airglow images, Figure 

4.6 shows an example of a plasma bubble detection in DOY 003 of 2014 over Cachoeira 

Paulista (CHPI). A white line is included in the longitudinal sector of the station in order 

to analyze the longitudinal discrepancy presented by Takahashi et al. (2015) and Prol et 

al. (2018b). It is possible to notice that the plasma bubble detection methods agree. It can 

clearly see the presence of ionospheric bubbles in the VTEC map and all-sky optical 

instruments. Additionally, it can note that the plasma bubbles orientation estimated with 

the TEC maps followed the same orientation shown by the airglow images. There is a 

northwest tilt of the plasma bubbles in both airglow and TEC images. Thus, it can observe 

that the plasma bubbles estimated with TEC single frequency are similar in location and 

orientation. However, it can also notice some relevant differences between the images. 

Considering the airglow images, it can note higher resolutions, showing two bifurcations 

in the plasma bubbles. On the other hand, the same cannot be seen on the TEC maps. 

Another difference is that, at 2h UT, there is a plasma bubble passing exactly over the 

station, i.e., the white line is located in the middle of the airglow image, while the central 

part of the bubble did not reach over the station in the TEC maps. As previously 

mentioned, this longitudinal difference can be explained by the tilted westward motion of 

the plasma bubbles with increasing height.  
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Figure 4.6 – Plasma bubbles propagation through Cachoeira Paulista in DOY 003 of 2014 

at 2 and 2.2h UT detected by TEC maps using single frequency GNSS data (top panel) 

and using airglow images (bottom panel) (OI 630 nm). 

 

 

4.3.2 Efficiency of the Plasma Bubble Detections by Single-Frequency TEC Keograms 

 

In order to give an overview of the efficiency of plasma bubble detection using 

single-frequency TEC data, the keograms obtained from the TEC and airglow images 

were compared. For this, four cases were created: Case (1) the plasma bubbles can be 

seen only in keograms with airglow data; Case (2) the plasma bubbles can be seen only 

in keograms with TEC data; Case (3) the plasma bubbles can be seen in both keograms 

and Case (4) the plasma bubbles cannot be seen in any keogram. It is worth pointing out 

that the latitude of the keograms is fixed to the location of the station; for instance, in the 

BOAV station, the latitude was fixed at 2.8N.  

The classification of each keogram was made according to the authors’ 

interpretation. Figure 4.7 shows an example of the case (1), where it can be clearly seen 

the presence of plasma bubble signatures with airglow data, whereas it is not possible to 

identify the presence of ionospheric bubbles with TEC data. It can be noted that there is 

not a good agreement between the keograms obtained TEC values and airglow images. 

This is likely due to the few IPPs in Boa Vista station. Figure 4.8 is an example of case 

(2), where it is possible to identify the presence of plasma bubbles only in the keogram 
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with TEC data. It can be seen two plasma bubbles signatures in the keogram with TEC 

data, with a general motion progressing eastward throughout the night. Regarding the 

keogram using airglow data of Figure 4.8 (left), it is not possible see the presence of 

plasma bubbles. In addition, there is a lack of data between 00-01h UT, represented by 

the dark blue color. Figure 4.9 shows case (3), which is the best situation since the plasma 

bubbles signatures can be seen in both keograms. Figure 4.10 is an example of case (4), 

which is the worst case possible since it is impossible to identify the ionospheric plasma 

bubbles in any keogram, although the presence of plasma bubbles was detected when 

looking at the entire Brazilian region. In the end, 54 images with two keograms were 

analyzed considering three all-sky stations. The result of the classification is summarized 

in Table 4.1.  

 

Figure 4.7 – Example of Case (1): The plasma bubble can be detected only in keogram 

with airglow data. The left panel shows the keogram with airglow data and the right panel 

shows the keogram with TEC data, for Boa Vista station DOY 027, 2014. 
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Figure 4.8 – Example of Case (2): The plasma bubble can be detected only in keogram 

with TEC data. The left panel shows the keogram with airglow data, and the right panel 

shows the keogram with TEC data for São João do Cariri station on DOY 007, 2014. 

 

 

Figure 4.9 – Example of Case (3): The plasma bubble can be detected in both keograms. 

The left panel shows the keogram with airglow data and the right panel shows the 

keogram with TEC data, for Cachoeira Paulista station DOY 028, 2014. The black dashed 

line represents the ionospheric plasma bubbles. 
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Figure 4.10 – Example of Case (4): the plasma bubble detection is negative in both 

keograms. The left panel shows the keogram with airglow data and the right panel shows 

the keogram with TEC data, for Boa Vista station DOY 007, 2014. 

 

 

Table 4.1 – Rate of success of plasma bubbles detection in keograms using airglow and 

TEC data. Case 1:  Plasma bubbles only seen in airglow data; Case 2: Plasma bubbles are 

only seen in TEC data; Case 3: Plasma bubbles seen in both keograms; Case 4: Plasma 

bubbles not seen in keograms. 

CASE 1 CASE 2 CASE 3 CASE 4 

BOAV_DOY005 CHPI_DOY003 CHPI_DOY004 BOAV_DOY003 

BOAV_DOY006 CHPI_DOY007 CHPI_DOY005 BOAV_DOY004 

BOAV_DOY021 CHPI_DOY021 CHPI_DOY006 BOAV_DOY007 

BOAV_DOY022 SJCI_DOY005 CHPI_DOY008 BOAV_DOY008 

BOAV_DOY024 SJCI_DOY007 CHPI_DOY009 BOAV_DOY009 

BOAV_DOY025 SJCI_DOY008 CHPI_DOY022 BOAV_DOY023 

BOAV_DOY026 SJCI_DOY009 CHPI_DOY023 CHPI_DOY027 

BOAV_DOY027 SJCI_DOY024 CHPI_DOY024  

BOAV_DOY028 SJCI_DOY027 CHPI_DOY025  

BOAV_DOY029  CHPI_DOY026  

BOAV_DOY030  CHPI_DOY028  

BOAV_DOY031  CHPI_DOY029  

  CHPI_DOY030  

  CHPI_DOY031  
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  SJCI_DOY003  

  SJCI_DOY004  

  SJCI_DOY006  

  SJCI_DOY021  

  SJCI_DOY022  

  SJCI_DOY023  

  SJCI_DOY025  

  SJCI_DOY026  

  SJCI_DOY028  

  SJCI_DOY029  

  SJCI_DOY030  

  SJCI_DOY031  

22% 17% 48% 13% 

 

From Table 4.1, a rate of success of 65% (48% + 17%) was obtained to detect 

plasma bubbles by the developed method, where the detection is simultaneous in the 

airglow and TEC data at 48% of the times. In 22% of the cases analyzed, it was possible 

to detect the presence of the ionospheric bubbles only in keograms using airglow data, 

followed by the 17% of cases where it is only possible to detect the bubbles only in the 

TEC keograms. This is an important point, because it is slightly easier to detect plasma 

depletions in keograms using airglow data when compared to TEC keograms. However, 

it must be considered that exist meteorological limitations of the airglow data. Finally, in 

only 13% of the images analyzed, it could not see the presence of ionospheric bubbles in 

any keograms. This small percentage is able to show the good efficiency of the keogram 

method in plasma bubbles imaging. 

Boa Vista (BOAV) was the unique station classified only in cases (1) or (4). It 

reveals that it was not possible to obtain images of ionospheric bubbles using keograms 

with TEC data for this region. This behavior can be explained by the few IPPs in this 

region. Boa Vista station is located near the Amazon region, where there is a low density 

of GNSS stations. Moreover, this region presents high cloudiness for the month of the 

analysis (January), making it difficult to obtain plasma bubbles images using the all-sky 

technique. In addition, it may be noted that the plasma bubbles were slightly easier to 

detect in the Cachoeria Paulista station. From the 18 days analyzed, in 14 days, it was 
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possible to detect the presence of ionospheric bubbles in both keograms for station CHPI, 

whereas this number was around 12 for station SJCI. This can be explained by more 

GNSS stations in CHPI, so the proposed method using single-frequency TEC data 

behaved satisfactorily at regions with enough GNSS coverage. 

The results presented here can be confronted with the results by Prol et al. (2018b), 

which has used dual frequency GNSS observations to map the ionosphere. The authors 

highlighted that a few TEC observations were collected at the station CHPI due to the 

region's high occurrence of ionospheric scintillations. The presence of intense 

scintillations has decreased the performance of the plasma bubble detections by the 

method developed by Prol et al. (2018b), which has mainly affected the tomographic 

geometry. However, the opposite is observed. CHPI was the best region to detect plasma 

bubbles. This is well justified by two points. The first point is related to TEC estimation. 

Prol et al. (2018b) used dual-frequency data, which is more sensitive to ionospheric 

scintillations. Our single-frequency approach is more robust, in particular, at station 

CHPI. A second point is related to the imaging method used to analyze the plasma 

bubbles. Prol et al. (2018b) have used visual inspection to detect plasma bubbles over the 

VTEC maps. In this investigation, the plasma bubbles were detected over keograms. 

Instead of analyzing a unique VTEC snapshot, it was taken into account several hours to 

evaluate the occurrence of plasma bubbles. Therefore, the keograms have proved to be 

less sensitive to local variabilities of the ionosphere.  

 

4.3.3 Drift Velocities by Single-Frequency TEC Keograms 

 

In order to investigate the similarity between the drift velocities computed for the 

different data sources, the velocities estimated using TEC and airglow keograms were 

compared. The velocities were estimated for all stations and days that were classified in 

case 3, i.e. where it was possible to detect the ionospheric bubbles with both techniques. 

The plasma bubble velocities were estimated considering the slope of the black dashed 

lines segmented over the keograms (see Figure 4.9, for instance), representing zonal drift 

velocities in the eastward direction. It is worth mentioning that the slope of the trend line 

over the keograms is determined by visual judgments according to plasma bubbles 

signatures. Figure 4.11 shows the drift velocities estimated for the plasma bubbles 

presented in Figure 4.9. In this particular example, it was possible to estimate the drift 

velocity of 6 plasma bubbles with airglow data, while only 5 bubbles were detected by 
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the TEC maps since the low density of IPPs makes it difficult to detect the plasma bubbles 

with fine structures. The 6 plasma bubbles shown in the airglow data are producing a 

zonal velocity of  254.3 m/s, 150.5 m/s, 145.2m/s, 102.3 m/s, 88.4m/s and 69.7m/s 

respectively. The 5 plasma bubbles estimated using TEC data show a velocity of 

141.8m/s, 164.4 m/s, 139.7 m/s 119.3 m/s and 96.6 m/s. The general view of the zonal 

drift velocities presented a common feature in both methods: the zonal velocities tend to 

decrease throughout the night. These observations are in agreement with previous studies 

reported at equatorial and low-latitude regions (Liu et al. 2015; Souza et al. 2021; Muella 

et al. 2013, 2017). Besides, this result was expected since the electric field is very intense 

after sunset and decreases with time due to a reduced neutral wind velocity (Terra et al. 

2004). Based on Figure 4.11, it can be seen that the results between airglow and TEC 

maps are consistent, except for the first plasma bubble (PB1), where the drift velocity 

estimated using airglow data is almost double the velocity with TEC data. This behavior 

was recurrent for other stations and days, which is well justified by the difficulty in 

determining the bubble signature at the edges of the keogram.  

 

Figure 4.11 – Plasma bubble drift velocities estimated using TEC and airglow keograms 

for station Cachoeira Paulista, DOY 028, 2014.  

 

 

Figure 4.12 presents the variability (scatterplot) of the plasma bubble drift 

velocities from the stations CHPI (left panel) and SJCI (right panel). This figure was 
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generated considering all plasma bubbles identified as Case (3). Only the plasma bubble 

at the keogram’s edges that was not considered to infer the statistical analysis. The mean 

drift velocities estimated using keograms with airglow data were 111.48 m/s and 117.10 

m/s whereas the mean velocities with TEC data were 115.98 m/s and 117.94 m/s, for 

CHPI and SJCI, respectively. The results showed that the mean zonal drift velocities 

derived from the keograms with TEC are quite similar to the mean velocities estimated 

from the keograms with airglow data. Besides, the computed mean error between the 

velocities was -4.50 m/s and -0.84m/s for Cachoeira Paulista and São João do Cariri, 

respectively. The standard deviations of the errors were 31.90m/s and 35.32m/s. The root 

mean square of the errors was 31.68 m/s and 34.74 m/s for Cachoeira Paulista and São 

João do Cariri, respectively. Comparing the statistics results, it was found that the 

velocities estimated for CHPI presented smaller STD and RMS errors compared to 

velocities computed in São João do Cariri. However, the velocities estimated for station 

SJCI gave smaller values for the mean error. Thus, in terms of STD and RMS error, it can 

be affirmed that the method of estimating velocities using keograms from single-

frequency TEC data performs slightly better in regions with high ionospheric variability. 

The correlation between the velocities obtained by TEC and airglow data were 60% and 

71% for Cachoeira Paulista and São João do Cariri, respectively. These values show a 

moderate positive and linear correlation. It may be noted that the correlations between the 

stations are similar, which is justified by the similar number of IPPs between the regions.  
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Figure 4.12 – Scatterplots of the plasma bubble velocities obtained by the TEC and 

airglow keograms of stations Cachoeira Paulista (left panel) and São João do Cariri (right 

panel). The trend line is represented in red. 

 

 

4.4  Conclusion  

 

From the results, it has been confirmed the possibility to detect ionospheric plasma 

bubbles by single frequency TEC data in regions with high number of GNSS stations. 

The developed method was capable of diagnosing the spatial and temporal progress of 

ionospheric plasma bubbles, both in VTEC maps and keograms. The results were 

confirmed by comparing the estimated TEC depletions with accurate airglow images. In 

addition, it can be seen a good agreement between the STEC data obtained with dual and 

single frequency. The discrepancies corresponded to code noise and multipath error levels 

due to the combination of the observables (CMC).  

Concerning the efficiency of the ionospheric plasma bubble detection by 

keograms using TEC and airglow data, the rate of success with airglow data was around 

70%, while using TEC data was 65%. These results suggest that it is slightly easier to 

detect plasma depletions using airglow data than TEC data. However, it must be taken 

into account that, due to meteorological limitations of the airglow technique, it was not 

possible to see the plasma bubbles in the airglow keograms in 17% of cases.  

For the Amazon region, the single-frequency TEC technique presented the lowest 

rate of success in detecting the plasma bubbles, which can be explained by the low 

number of IPPs in this region. Cachoeira Paulista was an easier region to detect plasma 
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bubbles, in which it was possible to detect the presence of ionospheric bubbles in 77% of 

the days analyzed. While for the region of São João do Cariri station this percentage was 

around 66%. This behavior shows that the proposed method using single-frequency TEC 

data behaved satisfactorily at regions with enough GNSS coverage. 

The drift velocities of the plasma bubbles estimated using TEC keograms are in 

agreement with the estimated velocities by airglow data. Expected daily features were 

observed, such as the drift velocity decrease after local midnight hours due to the natural 

decay of the eastward motion of the plasma bubbles. In terms of variability analysis, 

Cachoeira Paulista presented smaller STD and RMS errors than São João do Cariri. 

However, the velocities estimated for SJCI gave smaller values for the mean error. Thus, 

in terms of STD and RMS error, it can be affirmed that the method of estimating velocities 

using keograms from single-frequency TEC data performs slightly better in regions with 

high ionospheric variability. 
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CHAPTER 5  

PPP AT LOW LATITUDES WITH IONOSPHERIC MODEL EXCLUSIVELY 

BASED ON SINGLE FREQUENCY GNSS MEASUREMENTS 

 

5 SCOPE  

 

Chapter 5 shows the performance of the new ionospheric model (Christovam et al 

2023b). This chapter presents the evaluation by means of single frequency PPP, comparing 

the positioning results against the correction using dual-frequency GPS signals, as well as 

compared to the corrections provided by GIMs produced by the IGS.  

 

5.1  Overview 

 

In satellite-based navigation and positioning, the ionospheric delay is considered 

a crucial error source. In low latitudes, for instance, the precise point positioning (PPP) 

accuracy is severely affected by the high ionospheric variability (Veettil et al., 2020). 

Autonomous receivers that operate on two or more frequencies can eliminate up to 99.9% 

of the ionospheric delay by using the so-called ionospheric free combination. However, 

single frequency receivers are not capable to form the dual frequency combinations and 

are therefore dependent on the ionospheric delay derived by ionospheric models (Rovira-

Garcia et al., 2020). 

Global Ionospheric Maps (GIMs) are products based on Global Navigation 

Satellite System (GNSS) data vastly used to represent the ionosphere and improve single 

frequency positioning. Since 1998, the GIMs are computed by the Ionosphere Associated 

Analysis Centers (IAACs) and provided by the International GNSS Service (IGS) 

(Hernández-Pajares et al., 2009). Currently, there are eight IAACs that provide GIMs: the 

Center for Orbit Determination in Europe (CODE), European Space Agency (ESA), Jet 

Propulsion Laboratory (JPL), Universitat Politecnica de Catalunya (UPC), Chinese 

Academy of Science (CAS), Wuhan University (WHU), Natural Resources Canada 

(NRCan), and Operational Tool for Ionospheric Mapping And Prediction/Deutsches 

Geodätisches Forschungsinstitut- Technische Universität München (OPTIMAP/DGFI-

TUM) (Feltens and Schaer, 1998; Roma-Dollase et al., 2018; Goss et al., 2019). Different 

estimation techniques have been developed by each center. CODE, ESA, NRCan, and 

WHU generate GIMs using spherical harmonic (SH) series expansion (Goss et al. 2020; 



63 

 

 

Li et al. 2015; Roma-Dollase et al., 2018). The technique adopted by JPL is bi-cubic 

splines whereas UPC adopted the tomographic approach (Mannucci et al., 1998; 

Hernandez-Pajares et al. 1999). The OPTIMAP use polynomial B-spline for the 

ionospheric modeling (Goss et al. 2020). Common to all products is the data distribution 

provided in IONosphere map EXchange (IONEX) format with a spatial resolution 5º × 

2.5° in longitude and latitude, respectively, and with a temporal resolution from 15 min 

to 2h (Schaer et al., 1998; Hernández-Pajares et al., 2017). The GIMs provide Total 

Electron Content (TEC) from hundreds of worldwide permanent GNSS receivers, 

normally computed from dual frequency measurements (Schaer et al. 1996; Mannucci et 

al. 1998; Hernández-Pajares et al. 1999). Carrier phase ambiguities and DCBs are 

essential parameters estimated by IAACs. The process for estimating DCBs and 

ambiguities is known as the TEC calibration method, which can be performed either 

network-wide, such as in the case of GIMs, or with individual GNSS stations (Ciraolo et 

al. 2007; Prol et al. 2018; Shaikh, 2023).  

The performance of GIMs generated by IGS is consistent within the IAACs 

(Hernández-Pajares et al., 2009), but usually provides lower performance in low latitude 

regions, especially during ionospheric scintillation events. Prol et al. (2018a), for 

instance, evaluate the performance of TEC calibration procedures by analyzing the 

improvement in single frequency PPP considering several latitudes. The authors found a 

worse PPP performance in low latitudes, mainly due to the ionospheric variability 

associated with the Equatorial Ionization Anomaly (EIA) and ionospheric scintillation. 

Rovira-Garcia et al., (2020) additionally assess the quality of the ionospheric models by 

GNSS positioning and showed larger positioning errors in receivers located at latitudes 

close to the geomagnetic equator.  

One of the main challenges in ionospheric modeling at low latitudes is the 

presence of ionospheric irregularities that can result in the lack of continuous GNSS 

operation, especially in GPS L2 frequency. The influence of the ionosphere is different 

for each frequency since the ionosphere is a dispersive medium, where higher frequencies 

are less affected when compared with lower frequencies. Delay et al. (2015) show that, 

during the presence of ionospheric irregularities, the probability of interrupted tracking 

was larger on GPS L2 and L5 than on the L1 signal frequency. Similarly, Moraes et al. 

(2017) also present that during the ionospheric irregularities’ occurrence, the GPS L1 

signal is less sensitive to loss of locks than the L2 frequency. 
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 Given that GPS L1 performs better than GPS L2 frequency, it is reasonable to 

investigate the possibility to develop ionospheric models exclusively based on GPS L1 

frequencies. In this regard, Christovam et al. (2023) present a regional ionospheric model 

developed for the low latitude region only using single-frequency data. The main 

disadvantage is that the single frequency TEC measurements is highly dependent on the 

code noise. Nevertheless, Christovam et al. (2023) have shown that models exclusively 

based on GPS L1 can be used to detect and analyze equatorial plasma bubbles, despite of 

the code noise and multipath, which can be strongly mitigated for single-frequency 

ionospheric monitoring (Hernández-Pajares et al., 2018).  Built on this previous work, we 

intend here to verify whether models exclusively based on GPS L1 frequencies can also 

be used to improve the single-frequency PPP performance. The main goal is to verify if 

the single frequency PPP based on single frequency ionospheric model can provide 

comparable level to those ionospheric models obtained by dual frequency GNSS 

measurements. In this intend, the PPP performance obtained with the model developed 

by Christovam et al. (2023) is compared with the single frequency PPP results aided by 

other consolidated models.  

 

 

5.2 Method  

 

Section 5.2.1 presents an overview of the ionospheric model proposed by 

Christovam et al. (2023) exclusively based on single frequency data, as well as the 

adaptations required to run the same model using dual frequency data. The dual frequency 

model is presented here to have a base for comparison purposes. Additionally, Section 

2.2 shows the configuration used to run the single frequency PPP solutions. The PPP 

algorithm is used as main indicator to evaluate the proposed model. 

 

 

5.2.1 Modeling  

 

Christovam et al. (2023) developed an ionospheric regional model to calibrate 

GNSS single frequency measurements and derive ionospheric maps showing plasma 

bubble in one of most challenging condition, the Brazilian region. The authors have 

shown, for the first time, that it is possible to detect ionospheric bubbles using single 
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frequency GNSS data. In addition, the authors also present a comparison of the STEC 

values obtained with single and dual frequency. The results showed that single frequency 

STEC data agree with dual frequency data, with differences varying between ±2.5 TECU. 

This difference corresponds to the overall noise level of code measurements, since the 

single frequency STEC values are computed based on combination between the 

observables called Code-Minus-Carrier (CMC).  

In this section we present an overview of the ionospheric model proposed by 

Christovam et al. (2023) along with the necessary adaptations to utilize dual-frequency 

data with the same model. The mathematical formulation to extract TEC data using GNSS 

observations was developed in three stages. In the first step, the conversion of GNSS 

observations to non-calibrated TEC data was performed. The second refers to ambiguity 

estimation by spherical harmonic modeling. The third step is carried out to estimate the 

absolute (i.e., calibrated) TEC values and carry out a regional interpolation.  

The main difference between the regional modeling using single or dual frequency 

is related to GNSS measurements combinations. TEC data estimated using dual-

frequency GNSS measurements is performed by the geometry free combination 𝐿1 − 𝐿2. 

It eliminates all the terms independent on the frequencies, such as the tropospheric delay, 

clocks, and geometric distance. When using single frequency, the combination between 

the observables 𝑃1 − 𝐿1 named CMC is used since it eliminates all geometry-dependent 

components. The combinations used to compute TEC using single (𝑇𝐸𝐶𝑆𝐹) and dual 

frequency (𝑇𝐸𝐶𝐷𝐹), respectively, can be summarize as follows: 

 

𝑇𝐸𝐶𝑆𝐹 = 𝑘 × (𝑃1 − 𝐿1𝜆1 + 𝐵𝑆𝐹)     (5.1) 

 

𝑇𝐸𝐶𝐷𝐹 = 𝐹 × (𝜆2𝐿1 − 𝜆2𝐿2 +  𝐵𝐷𝐹)    (5.2) 

 

where 𝑃𝑖 and 𝐿𝑖 are the GNSS pseudorange and carrier phase, respectively;  𝜆𝑖 is the 

wavelength in meters; 𝐵𝑆𝐹 and 𝐵𝐷𝐹  bias term that represents the ambiguity term, and 

instrumental delay term affected by the multipath and thermal noise and the residual term 

for single and dual frequency respectively. The 𝑘 and 𝐹 terms convert meters of delay to 

the electrons/m2 units, being 𝑘 = (𝑓𝐿1
2 (2 × 40.3)⁄ ) and 𝐹 = (𝑓𝐿1

2 𝑓𝐿2
2 40.3⁄ × (𝑓𝐿1

2 −

𝑓𝐿2
2 )), with 𝑓𝐿1 and 𝑓𝐿2 representing the frequencies for L1 and L2, respectively. 
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The non-calibrated TEC represents the combination between the calibrated TEC, 

the ambiguity term, and instrumental delay term affected by the multipath and thermal 

noise. The ambiguity and instrumental delay can be solved together as a unique bias term 

(𝐵𝑆𝐹) for single frequency and 𝐵𝐷𝐹 for dual frequency. This term is solved in the second 

step using a spherical harmonic expansion model. The spherical harmonic model adopted 

was the same developed by Schaer (1999); however, 24 hours of GNSS data in local time 

(LT) is used. The model obtains enough spatial information to accurately estimate the 

coefficients of spherical harmonics with a high order of harmonics. Then, gets the 

necessary coverage to estimate the spherical harmonic coefficients with a typical 

harmonic order of 15 degrees. The use of 24 hours of data does not involve huge problems 

in the estimation, since most of the GNSS stations used in the model are defined over the 

Brazilian region, i.e., the LT and UT are very similar among the stations, just implying a 

slight smoothing effect. It is relevant to mention that cycle slips and gross errors in the 

carrier phase observations must be eliminated before using 𝑇𝐸𝐶𝑆𝐹  or 𝑇𝐸𝐶𝐷𝐹 in the 

spherical harmonic model. For this purpose, we used the non-calibrated TEC values. The 

non-calibrated TEC values are compared epoch-by-epoch, and the discrepancy between 

the epochs should not be higher than the adopted threshold (4 TEC Units (TECU), being 

1 TECU = 1016 el/m².) The ambiguity and instrumental delay term was computed with 

the following equation for single and dual frequencies, respectively: 

 

𝑀𝐹 × 𝑇𝐸𝐶𝑆𝐹 = ∑ ∑ 𝑃̃𝑛𝑚
𝑛
𝑚=0

𝑛𝑚𝑎𝑥
𝑛=0 (𝑠𝑒𝑛𝜑𝑚

𝑖𝑝
)[𝐴𝑛𝑚𝑐𝑜𝑠(𝑚𝜆𝑠

𝑖𝑝
) + 𝐵𝑛𝑚𝑠𝑖𝑛(𝑚𝜆𝑠

𝑖𝑝
)]     (5.3) 

 

𝑀𝐹 × 𝑇𝐸𝐶𝐷𝐹 = ∑ ∑ 𝑃̃𝑛𝑚
𝑛
𝑚=0

𝑛𝑚𝑎𝑥
𝑛=0 (𝑠𝑒𝑛𝜑𝑚

𝑖𝑝
)[𝐴𝑛𝑚𝑐𝑜𝑠(𝑚𝜆𝑠

𝑖𝑝
) + 𝐵𝑛𝑚𝑠𝑖𝑛(𝑚𝜆𝑠

𝑖𝑝
)]    (5.4) 

 

where 𝜑𝑚
𝑖𝑝

 is the latitude of the ionospheric pierce point (IPP),  𝜆𝑠
𝑖𝑝

 is the longitude of IPP 

in terms of  LT, 𝑛𝑚𝑎𝑥 is the maximum degree of expansion, 𝐴𝑛𝑚and 𝐵𝑛𝑚 are the 

ionosphere model coefficients, 𝑃̃𝑛𝑚 are the normalized Legendre polynomials of degree𝑛 

and order 𝑚, and 𝑀𝐹 is the standard mapping function (Schaer, 1999). The number of 

parameters is calculated by (𝑛𝑚𝑎𝑥+1)², where  𝐴𝑛𝑚, 𝐵𝑛𝑚 , 𝐵𝐷𝐹 and 𝐵𝑆𝐹  are unknown 

parameters to be estimated by the least square method.  

 The third step is carried out to estimate the absolute (i.e., calibrated) TEC values, 

which can be directly calculated after the ambiguity and instrumental delay terms are 

calculated for all continuous arcs. The third step also perform a regional interpolation in 
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the Brazilian region. The spatial interpolation of the calibrated VTEC values is carried 

out based on the inverse of the distance. It is considered a grid over the Brazilian region 

with a horizontal resolution of 1° in latitude and 1° in longitude, with an ionospheric shell 

height of 450 km in altitude and temporal resolution of 6 minutes. The shell height 

adopted is the same as that adopted by the CODG and UQRG models, which can be 

considered approximately the median height of electron density for a typical daytime 

profile (Mannucci et al. 1998).  

The model is executed using data from approximately 200 ground-based receivers 

from the continuous operating GNSS stations throughout America, especially over the 

Brazilian region. The data from RBMC (Brazilian Network for Continuous GNSS 

Monitoring), IGS, GNSS NavAer (De Paula et al., 2022), LISN (Low latitude Ionospheric 

Sensor Network), and RAMSAC (Red Argentina de Monitoreo Satelital Continuo) are 

used.  The location of the GNSS stations used in regional model are presented in  Figure 

5.1 (left).   

 

Figure 5.1 – Location of GNSS stations used in regional model (left panel) and GNSS 

stations used in positioning assessment (right panel). The dashed line represents the 

Magnetic Equator 

 

 

5.2.2 PPP Settings  
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The GNSS precise point positioning with single frequency data is an important 

strategy to evaluate the ionospheric models (Rovira-Garcia et al., 2020), complementing 

the direct assessment in the ionospheric domain (Hernández-Pajares et al. 2017). The 

main point is to evaluate the quality of the ionospheric delay based on direct corrections 

over carrier phase and pseudorange measurements. In this work, the evaluation is 

performed to assess the quality of the developed regional ionospheric model when using 

single frequency TEC data and compare it with the results obtained by the same model, 

when using dual frequency GNSS data. The most usual ionospheric products for GNSS 

applications, i.e., GIMs provided by IGS, UQRG and CODG, are also included in the 

positioning analysis. The UQRG and CODG products are selected because they have 

shown some of the best results in terms of GNSS positioning (Jerez et al. 2023). 

Once the single and dual frequency TEC values are obtained by the proposed 

method, VTEC grids are exported in IONEX format with the previously mentioned 

resolution (1º x 1º in latitude and longitude, updated every 6 minutes). To analyze the 

performance of the ionospheric models, as applied to the GNSS positioning, the RTKLib 

is used (Takasu and Yasuda, 2009). Single frequency PPP in kinematic positioning 

method is chosen to evaluate the ionospheric models, as the kinematic mode directly 

applies the ionospheric delay to correct the GNSS observations epoch by epoch. The 

overall PPP settings is defined as:  

1) combined solutions obtained by forward and backward filters;  

2) cutoff angle 10°;  

3) earth tides corrections;  

4) estimation of tropospheric delays during PPP;  

5) precise ephemerides (sp3) and satellite clock corrections (clk_5s) acquired 

from IGS products;  

6) global positioning system (GPS) constellation;  

7) correction of the phase center variation of both transmitter and receiver 

antennas;  

8) phase wind up corrections;  

9)  no strategy for ambiguity solution;  

10) corrections of differential instrumental bias between the civil and precise 

codes (CI-P1).   
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For the analysis, 37 stations from RBMC are used (Figure 1 (b)). It is important 

to mention that the stations used to the validation were chosen to cover several latitudes 

in the Brazilian region. The days chosen are DOYs 3-9, as well as 21-31 of 2014. These 

days are selected because they have clear evidence of plasma bubbles occurrence over 

the Brazilian region. The main analysis is performed to evaluate the improvement that the 

TEC obtained from the proposed model offers to PPP during the presence of plasma 

bubbles. In the following section, we show the PPP results when applying the proposed 

method. Three parameters were used to evaluate the three-dimensional (3-D) PPP error: 

mean error, standard deviation (STD), and the root mean-square error (RMS) of the 

estimations. The main 3-D error is computed by taking the differences between the 

coordinates obtained in the PPP processing and the reference coordinates. The reference 

coordinates were obtained from final solution of the SIstema de Referencia Géocentrico 

para las Americas (SIRGAS) at epoch 2014.  

 

5.3 Results 

 

Section 5.3.1 presents an initial validation of TEC values obtained by the single 

and dual frequency models. Section 5.3.2 presents brief discussion about ionospheric 

variability impact on GPS frequencies. Section 5.3.3 shows the single frequency PPP 

assessment based on single frequency ionospheric model 

 

5.3.1 VTEC plasma bubbles maps with analyzed models 

 

In order to perform an initial validation, a visual comparison of the ionospheric 

models is presented in Figure 5.2. This example shows snapshot VTEC maps obtained 

from ionospheric models for the Brazilian region in DOY 003 of 2014 at 02h UT. Top 

panels shows the maps available from the IGS (CODG and UQRG) whereas the bottom 

panel present the maps obtained by the proposed methods. Due to the different spatial 

resolution, the maps provided by the proposed method are quite different from the maps 

available from IGS In the maps available from IGS, the presence of the northern and 

southern crest of the EIA are clearly observed, where these two regions are characterized 

by higher electron density values. For the maps obtained with the proposed methods, it is 

also possible to see the crests of EIA, however with several irregularities in the region. In 

addition, two well-defined VTEC depletion (plasma bubbles) can be seen aligned with 
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the geomagnetic meridian. Notice that the main difference between the ionospheric maps 

is the ability to detect plasma bubbles. This difference can be explained by the spatial and 

temporal resolution differences. CODG and UQRG produce ionospheric maps with a 

spatial resolution of 2.5° in latitude and 5° in longitude and a temporal resolution of 2 h 

and 15 min, respectively. The grid size used by the IGS models are larger than the scale 

size of the plasma bubbles detected by ground-based observations. Indeed, the scale size 

of the plasma bubbles are in level of 100 m to a few kms (Bhattacharyya, 2022). 

 

Figure 5.2 – Example of ionospheric models for the Brazilian region, for DOY 003 of 

2014 at 02h UT. The top panel corresponds to CODG (left) and UQRG (right) and the 

bottom panel corresponds to models obtained with L1(left) and L1L2(right).  

 

5.3.2 Ionospheric variability on GPS frequencies 

 

During strong ionospheric events, the GPS L1 signal is less sensitive to loss of 

lock than using dual frequency data (GPS L1 and L2). Therefore, in regions susceptible 
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to strong ionospheric events, more TEC data are expected to be observed with single 

frequency data. In such case, single frequency data can therefore improve the imaging of 

ionospheric bubbles due to the provided better data coverage. One way to analyze this 

point is counting the number of IPPs observed by dual and single frequency data. To 

perform this comparison, the Brazilian region is divided into 4 sub-regions (quadrants). 

Figure 3 shows a comparative example of VTEC maps and spatial distribution of IPPs 

between single and dual frequency data. In this experimental analysis, the total number 

of IPPs counted for single frequency data was 27970, whereas 27008 IPPs were observed 

for dual frequency data. It may be noticed that there are different IPPs densities for each 

quadrant. A summary of the number of IPPs for each quadrant (Q) with single and dual 

frequency data is listed in Table 5.1. For the period considered, except for a few instances 

after the plasma bubble passage (around 02h UT), the number of IPPs for single frequency 

is considerably higher than those for dual frequency. The lower number of IPPs occurs 

because, as previously mentioned, the L2 frequency is more susceptible to ionospheric 

effects, which produces GNSS loss of lock and reinitializations of the TEC estimation. 

The main difference of the IPP numbers between the L1 and L1L2 is, therefore, the loss 

of lock of the L2 measurements. As expected, better coverage of IPPs is obtained with 

single frequency TEC data when compared with dual frequency.  
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Figure 5.3 – Comparative example the VTEC maps and spatial distribution of IPPs over 

the Brazilian region in DOY 003 of 2014 at 1.2h UT between single and dual frequency. 

The dashed line indicates the geomagnetic equator. The continuous line represents the 

division of the map into quadrants. The data used in top panel are single frequency (L1) 

whereas in bottom panel are dual frequency (L1 and L2). 

 

 

Table 5.1 – Number of IPPs per quadrant during one hour period over Brazilian region 

for DOY 003 of 2014.  

Time (UT) Frequencies 1°Q 2°Q 3°Q 4°Q 

1.0 h 
L1 6715 6746 8583 4388 

L1L2 6495 6548 8841 4381 

1.2 h 
L1 7517 7123 8745 4585 

L1L2 6824 6992 8608 4584 

1.4 h 
L1 7830 7441 8855 4850 

L1L2 7129 7035 8843 4789 

1.6 h 
L1 7673 7649 8727 5206 

L12 7178 7357 8651 5201 

1.8 h 
L1 7456 7812 8672 5789 

L1L2 7499 7383 8258 5595 

2.0 h 
L1 7735 7935 8750 5560 

L1L2 7747 7825 8788 5923 
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5.3.3 Assessment by single frequency PPP 

 

In a preliminary evaluation, it is analyzed the results of a single day to show details 

of the PPP accuracy when applying the TEC provided by different models to account for 

the ionospheric delay. Figure 5.4 shows a comparison between the 3-D positioning errors 

throughout the day together with a correspondent keogram for Cachoeira Paulista (CHPI) 

station (22.7º S, 45.0º W), and the ionospheric scintillation S4 index at the same latitudinal 

sector, located in the southern crest of the EIA. In order to apply the keogram technique, 

it is required to fix the latitude, and then stack the west-east slices of the reconstructed 

VTEC maps data to form one image (Silva et al. 2019; Prol et al., 2018b). In this case, 

they were generated with the developed single frequency ionospheric model. According 

to the daily behavior, the initial (00-04h UT) and final (22-24h TU) hours showed the 

highest 3D error values, which are caused by depletions in the ionospheric plasma density, 

as seen in the keograms. This behavior occurs due to ionospheric plasma instability 

(Rayleigh-Taylor instability), which triggers plasma depletions (bubbles) after the sunset 

(Takahashi et al. 2015). In the keograms, we can see the general plasma bubble motion 

progressing from west to east, represented by a tilted dark blue region relative to the 

temporal axis of the figure, well connected with the highest PPP errors in the initial and 

final hours of the day. At the same time, it can be seen the higher values to ionospheric 

scintillation index (S4). This result confirms the close relationship between the 

ionospheric plasma bubbles occurrences and the ionospheric scintillation, causing high 

errors in positioning. Under strong ionospheric scintillations caused by the ionospheric 

plasma bubbles, the GNSS receiver tracking loop performance is degraded, causing low 

positioning accuracy. It is important to point out that the increased positioning errors 

during the 00-04h UT are not associated with the convergence of the single frequency 

kinematic PPP since we used combined solutions obtained by forward and backward 

filtering. 
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Figure 5.4 – Keogram of the VTEC values for the latitudinal section of 22.7°S (CHPI 

station) in terms of longitude and hours (top panel), 3-D error for the same GNSS station 

(middle panel) and S4 index at latitudinal section of (23.2° S) for DOY003 of 2014. 

 

After understanding the correspondence between the plasma bubble keograms and 

PPP performance for one station, six representative stations were chosen to evaluate 

different latitudinal regions of the ionosphere. The selected stations were BRAZ (15.9° 

S, 47.9° W); CHPI (22.7° S, 45.0° W); BOAV (2.8° N, 60.7° W); PBJP (07.1° S, 34.9° 

W); POAL (30.1° S, 51.1° W) and SMAR (29.7° S, 53.7°W). Figure 5 presents the 3D 

error calculated for each epoch, and for each model, in the representative stations. Again, 

larger positioning errors are noticed in the initial and final hours of the day, when the 

ionospheric irregularities associated to equatorial plasma bubbles impacted the GNSS 

observations more effectively. It is important to highlight that the magnitudes of 3D errors 

are considered high for PPP, reaching up to 3 meters. 

Considering the entire day of data (24h), the mean error, STD, and RMS for each 

model are summarized in Table 5.2. According to the statistics, the UQRG presented a 

better performance compared to the others model in terms of mean and RMS, whereas 

the proposed model using dual frequency presented a better performance in terms of STD. 

When we compare the statistics results between the models, the difference is at the 

decimeter level, while the error is at the meter level. Therefore, it is possible to conclude 
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that the proposed models showed results compatible with the models available from the 

IGS, including the single frequency model. 

 

Figure 5.5 – 3-D error in meters for DOY 003 of 2014 

 

 

Table 5.2 – Mean, standard deviation and root mean square 3-D error during 24h of 

data, considering each model for DOY003, 2014.   

Model Mean (m) STD (m) RMS (m) 

CODG 1.56 1.91 2.47 

UQRG 1.55 1.87 2.44 

L1 1.76 2.06 2.72 

L1L2 1.70 1.82 2.49 

 

As the main goal of the proposed model is to provide a feasible data source to map 

the plasma bubbles, the next evaluation is carried out only in periods of ionospheric 

plasma bubbles occurrence. In this regard, Figure 5.6 shows the 3D error obtained in PPP 

and calculated during the periods with plasma bubble occurrences (00 – 06 h UT). As a 

result, stations BRAZ, PBJP, CHPI and BOAV, located in regions with high ionospheric 

activity, presented a 3D error around 15 m whereas the error is around 5 m and 10 m in 

POAL and SMAR stations, respectively. This difference among the stations occurs 
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because BRAZ, PBJP, CHPI, and BRAZ are in the crests of the EIA, where ionospheric 

scintillations are more effective, while POAL and SMAR are closer to the mid-latitude 

region. The corresponding mean, STD, and RMS of the 3D errors in each model are 

summarized in Table 5.3. Analyzing the statistics, the model proposed with single 

frequency presented the best performance, followed by the proposed model with dual 

frequency and UQRG. In this case, CODG presented the worst performance.  

 

 

Figure 5.6 – 3-D error in meters during plasma bubble occurrence (00 – 06 h UT) for 

DOY 003 of 2014.  

 

Table 5.3 – Mean, standard deviation and root mean square 3-D error during plasma 

bubble occurrence (00 – 06 h UT), considering each model for DOY003, 2014.  

Model Mean (m) STD (m) RMS (m) 

CODG 2.87 2.21 3.63 

UQRG 2.74 2.20 3.52 

L1 2.72 2.09 3.45 

L1L2 2.75 2.15 3.51 

 

In addition, the proposed model was also evaluated during a day characterized by 

low ionospheric activity DOY 171. Figure 5.7 presents the 3D error obtained in PPP for 

24h of data for non-disturbed day. It can be seen that for all representative stations, the 
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3D error did not exceed 5 m. Additionally, a similar behavior between the models can be 

observed. Table  5.4 summarize the corresponding mean, STD and RSM values of 3D 

errors for each model. According to the statistics, the proposed models using single and 

dual frequency presented similar mean, STD and RMS values. The CODG presented a 

better performance in terms of mean and RMS, whereas, in this case, the URQG presented 

the worst performance. It is important to point out that the difference is negligible. 

Therefore, it can be inferred that the proposed models demonstrated results consistent 

with the models provided by IGS.  

 

Figure 5.7 – 3D error in meters for DOY 171 of 2014 

 

 

Table  5.4 – Mean, standard deviation and root mean square 3D error during 24h of 

data, considering each model for a day with low ionospheric activity, DOY171, 2014.   

Model Mean (m) STD (m) RMS (m) 

CODG 0.66 0.39 0.77 

UQRG 0.81 0.41 0.91 

L1 0.79 0.36 0.87 

L1L2 0.77 0.36 0.86 
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To provide an overview of the model performance considering several days and 

stations, we also estimated the statistics using the 37 stations selected during the disturbed 

days. The results are shown in Figure 5.8. Comparing the statistical results between the 

results obtained with 24 hours of data and only the period of plasma bubble occurrences, 

it is noted that, in the period that bubbles are occurring, the results are more dispersed, 

especially in terms of RMS since the largest errors occur in this period. The results using 

24 hours of data are smoothed out by the period when no ionospheric irregularities are 

present. In addition, considering the latitudinal distribution, we can note a pattern. For the 

stations near the latitude of 15° S, close to the Southern EIA crest, the errors among the 

stations tend to converge to a common value. This behavior reveals that the models 

presented a stable behavior in the worst region to map the ionospheric plasma bubbles, 

which likely means that the ionospheric delay was equally hard to be computed by all 

models in the most affected regions. 

 

Figure 5.8 – Mean 3-D error (left), standard deviation 3-D error (middle) and root mean 

square 3-D error (right), in top panel considering all day (24h) and in bottom panel 

considering time plasma bubble occurrence (00–06 h UT).   
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Figure 5.9 shows the cumulative distribution of the 3D positioning errors when 

considering all stations during the disturbed days. We compare the cumulative 

distribution considering 24 hours of data (left panel) and considering only the ionospheric 

bubble occurrence period (00–06 h UT) (right panel). In general, the analyzed models 

show similar accuracy for both cases. This can be considered a good result, since the 

proposed single frequency model also show similar results to the dual frequency models.  

The cumulative distribution using the 24 hours of data, at one-sigma significance level 

(~68%), has shown that the errors were less than 1.3 m for CODG, while less than 1.4 m 

for the UQRG, L1L2, and L1 models. For the two-sigma significance level (~95%), the 

error for all models is about the same, at around 5.2 m.  Considering the cumulative 

distribution for plasma bubble time occurrence at one-sigma significance level, the errors 

are less than 3.3 m for the CODG and L1L2 models, while the errors are 3.4 m for the 

UQRG and L1 models. At two-sigma significance level, the error is approximately 7.8m 

for L1L2, L1 and UQRG, while the error is 8.2m for CODG. Furthermore, it is noticeable 

that the 3D errors are larger for the time when plasma bubble occurrences were evident. 

For one-sigma significance level, the 3D error during the plasma bubble occurrence were 

worse by 40% when compared to 24 hours of data, whereas at two-sigma significance 

level, it was 65% worse. We can conclude that no model presented a clear better 

performance in instances with ionospheric irregularities. However, we can infer that 

proposed model using single frequency presented performance in agreement to the dual 

frequency models. This can be considered as an advantage, mainly in regions that are 

directly affected by the ionosphere, since the L1 signal is less sensitive to loss of locks 

than using dual frequency. 
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Figure 5.9 – Cumulative distribution of the 3-D positioning errors considering 24 hours 

of data (left panel) and time plasma bubble occurrence (00–06 h UT) (right panel) for all 

days and stations selected. 

 

 

5.4  Conclusion  

 

A new regional ionospheric model using GNSS single frequency data was 

successfully assessed for the Brazilian region in terms of GPS positioning. The 

assessment was performed using a single frequency PPP algorithm. We compared the 

proposed method against a dual frequency regional model, as well as against CODG and 

UQRG models from IGS. As the ionospheric model using single frequency aims to detect 

the ionospheric plasma bubbles, three approaches were tested. The models were 

compared using 24 hours of data collection and during the occurrence of the ionospheric 

plasma bubbles (00 - 06 h UT). Furthermore, the proposed model was evaluated not only 

for days characterized by high ionospheric variability but also compared with a day of 

low activity. 

In a preliminary analysis, we presented the comparison between the ionospheric 

models. The main difference is detection capability of the plasma bubbles for the 

proposed model using single and dual frequency. In addition, we also compared the 3-D 

positioning errors throughout the day together with a correspondent keogram and the 

ionospheric scintillation index S4. The higher 3-D positioning errors were detected at the 

same time that it was possible to see the ionospheric plasma bubbles in the keograms and 

the higher values of the ionospheric scintillation index. This result confirms the strong 
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correlation between the ionospheric plasma bubbles occurrence and ionospheric 

scintillations, that induces a large positioning error. 

In terms of statistical analysis, the mean, STD, and RMS values of the 3-D error 

between the models were similar. The proposed model presented a comparable 

performance to the other models in the positioning level. This result was also confirmed 

by the cumulative distribution analysis. In general, the results demonstrate the feasibility 

of the regional ionospheric model using single frequency to be used in positioning 

approaches over the Brazilian region. The results were promising since the proposed 

method showed a similar behavior to the models provided by IGS. 

In the future, the following investigations are recommended: (1) to perform an 

assessment of single frequency ionospheric models using other evaluation techniques, 

like using ionosonde data (Jerez et al. 2020) and dSTEC values (Zhao et al. 2021) and (2) 

to perform the estimation of VTEC single frequency uncertainties since they can provide 

an additional improvement in the single frequency PPP (Jerez et al. 2022), in particular 

for low latitude regions. 

  



82 

 

 

CHAPTER 6  

FINAL REMARKS 

 

In this work, a methodology capable to detect equatorial plasma bubbles using 

only GPS single frequency measurements was proposed. For this purpose, it was 

investigated which GPS signal frequency is best suited to detect equatorial plasma 

bubbles. Two TEC single frequency estimation procedures were presented. Finally, the 

quality of TEC obtained by the proposed method was evaluated based on PPP. 

Chapter 2 presented the results of a quantitative analysis of the scintillation 

amplitude of GPS signals at L1, L2 and L5 frequencies, aiming to evaluate the impact of 

the ionospheric scintillations on the GPS frequencies. During ionospheric scintillations, 

a smaller magnitude was observed for the GPS L1 frequency. Therefore, it can be 

concluded that L1 frequency is the most suitable signal for ionospheric plasma bubble 

imaging, since it is the least affected by the ionosphere.  

Chapters 3 and 4 answer if it is possible to detect plasma bubbles using single 

frequency measurements of GNSS. In Chapter 3, TEC single frequency calibration 

procedure was proposed. TEC single frequency was calibrated using TEC values 

retrieved by global ionospheric models. As expected, TEC values obtained with single 

frequency are noisier than the dual frequency values, due to the combination between the 

observables CMC. However, it is important to highlight that code noise and multipath 

issues from the combination were not able to impair the plasma bubble imaging. 

Therefore, it can be confirmed that it is possible to detect ionospheric plasma bubbles by 

single frequency TEC data. The calibration procedure is an alternative to estimate TEC 

with less computational effort. This approach can provide new opportunities, particularly 

for ionospheric sounding. In addition, an increasing interest in the precise positioning 

with low-cost receivers is recognized. The number of low-cost GNSS receivers has been 

continuously increasing, especially with the growing number of cell phones that make 

single frequency GPS receivers with performance available for positioning (Gikas and 

Perakis 2016, Hernandez-Pajares et al. 2018). In future, it would be relevant to evaluate 

the capabilities of the proposed calibration method with low-cost cell phone data. 

Although the calibration method requires less computational effort, it also requires 

external information, which was estimated using dual frequencies. Therefore, in order to 

estimate the TEC using exclusively single frequency data, a regional model to calibrate 

the single frequency GNSS measurements and derive TEC values was proposed in 
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Chapter 4. The regional model also confirmed the possibility to detect ionospheric plasma 

bubbles by single frequency TEC data in regions with high number of GNSS stations. 

The developed method was capable of diagnosing the spatial and temporal progress of 

ionospheric plasma bubbles in VTEC maps and keograms. The results were confirmed 

by comparing the estimated TEC depletions with accurate airglow images. In addition, it 

can be seen a good agreement between the STEC data obtained with dual and single 

frequency.  

Finally, Chapter 5 presents an evaluation of the performance of the regional model 

based on single frequency measurements. The assessment is made by means of single 

frequency PPP, comparing the positioning results against the correction using dual-

frequency GPS signals, as well as compared to the corrections provided by GIMs 

produced by IGS. As a result, the positioning performance using single frequency model 

presented similar accuracy to the dual frequency models and, at the same time, provided 

less observations affected by ionospheric scintillations. These results demonstrate the 

feasibility of using single frequency GNSS data to develop ionospheric models and to 

improve the positioning over low latitudes. In the future, the following investigations are 

recommended: (1) to perform an assessment of single frequency ionospheric models 

using other evaluation techniques, like using ionosonde data (Jerez et al. 2020) and 

dSTEC values (Hernadez-Pajares et al, 2017; Zhao et al. 2021) and (2) to perform the 

estimation of TEC single frequency uncertainties since they can provide an additional 

improvement in the single frequency PPP (Jerez et al. 2022), in particular for low latitude 

regions.  

With the GNSS modernization program, the new frequencies present more 

complex signal structure with specific functionalities. Therefore, it would be interesting 

investigate the performance of the ionospheric model proposed for different 

channels/codes at L1 modernized signal (e.g., L1C(D), L1C(P), L1C(D+P), L1(Y), 

L1(M)).  

The regional ionospheric model proposed was based on VTEC estimation, where 

the conversion between VTEC and STEC was performed through a mapping function 

related to satellite elevation and thin layer ionospheric height. In this conversion, the 

ionosphere is assumed to be an infinitely thin fixed-height layer, i.e., the ionospheric 

variation is not considered. As a future recommendation, it would be interesting to explore 

methods that consider the spatial variability of the ionosphere, both horizontally and 

vertically.  In addition, it would be interesting to carry out future work to verify the 
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possibility of adapting the developed method for real-time applications. Real-time 

approaches are highly relevant for GNSS positioning applications and space climate 

monitoring.   
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