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R E S U M O 

Efeitos adversos do clima espacial podem ser uma das principais ameaças à tecnologia humana, como por exemplo, 

efeitos decorrentes de grandes ejeções de massa coronal. Consequentemente, grandes tempestades geomagnéticas podem 

comprometer a performance do Posicionamento por Ponto Preciso (PPP).  Recentemente, após mais de duas décadas, no 

dia 10/05/2024, teve início a fase principal de uma grande e excepcional tempestade. Trata-se, portanto, de uma grande e 

singular oportunidade para estudar seus efeitos no PPP, com uso do serviço online CSRS-PPP. Este trabalho tem como 

objetivo avaliar os impactos da grande tempestade nas acurácias tridimensionais, porcentagem de solução das 

ambiguidades e perdas de ciclos, englobando cinco dias de processamento, contemplando 2 dias antes da tempestade, 1 

dia coincidente com a fase principal da tempestade e 2 dias após a tempestade, coincidente com a fase de recuperação. 

Os processamentos foram realizados com intervalo de 1 hora, das 23-24 UTC, coincidente com parte do período da fase 

principal, visto que os efeitos adversos da tempestade se manifestam nesta fase. Foram utilizados dados de 20 estações 

GNSS da Rede Brasileira de Monitoramento Contínuo dos Sistemas GNSS, mantida pelo IBGE. Durante a fase principal 

da tempestade, a acuraria tridimensional média aumentou em torno 4 vezes em relação ao dia anterior. A porcentagem da 

solução das ambiguidades foi igual a 0.0 % para todas as estações analisadas. Além disso, as perdas de ciclos aumentaram 

significativamente durante a fase principal da tempestade. Em síntese, os resultados obtidos evidenciam os impactos 

adversos da grande e excepcional tempestade no PPP.  

Palavras-chave: Tempestade geomagnética, Posicionamento por Ponto Preciso, GNSS, Ionosfera. 

Impactos da grande tempestade geomagnética de 2024 no Posicionamento por 

Ponto Preciso 

ABSTRACT 

The adverse effects of space weather can be one of the main threats to human technology, such as the effects of large 

coronal mass ejections. Consequently, great geomagnetic storms can compromise the performance of Precise Point 

Positioning (PPP). Recently, after over two decades, on 05/10/2024, the main phase of a great and exceptional 

geomagnetic storm began, providing an excellent and rare opportunity to study its effects on the PPP using the CSRS-

PPP online service. This work aims to evaluate the impacts of the great storm on three-dimensional accuracies, percentage 

of ambiguity resolution, and cycle slip, encompassing five days of processing, covering two days before the storm, one 

day coinciding with the main phase of the storm, and two days after the storm, coinciding with the recovery phase. The 

processing was carried out at an interval of 1 hour, from 23-24 UTC, coinciding with the main phase (05/10/2024), as the 

adverse effects of the storm manifest themselves in this phase. Data from 20 GNSS stations from the Brazilian Network 

for Continuous Monitoring of GNSS Systems were used. During the main phase of the storm, the average three-

dimensional accuracy increased around four times compared to the previous day. The percentage of ambiguity resolution 

was equal to 0.0% for all stations analyzed. Furthermore, cycle slips increased significantly during the main phase of the 

storm. In summary, the results highlight the adverse impacts of the great and exceptional storm on the PPP. 
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Introduction 

 
 Adverse space weather is one of the principal 

threats to modern human technology. Solar coronal 

mass ejections, large solar flares, and high-speed 

solar wind streams often lead to sequences of 

damaging disturbances within the Earth’s 

magnetosphere, in the atmosphere, and even on the 

Earth’s surface. Powerful and long-lasting 

geomagnetic storms can develop following solar 

disturbances (Baker, 2005). 

 Geomagnetic Storms have the potential to 

affect Global Navigation Satellite System (GNSS) 

signals, which can seriously impact the navigation 

and positioning performance of GNSS (Luo et al., 

2022; Wang et al., 2023). Storms are typically 

classified as weak, moderate, strong, severe, and 

great storms (Loewe and Prölss, 1997). These 

classifications are determined based on indexes 

such as Planetary K (Kp) and Disturbance Storm 

Time (Dst). 

 The Kp is a three-hour geomagnetic 

disturbance index that describes the general state of 

geomagnetic activity. It is a scale from 0 (quiet) to 

9 (disturbed) (Moldwin, 2022). It is an important 

measure of the energy input from the solar wind to 

Earth, and space weather services use it in near 

real-time. The German Research Centre for 

Geosciences (GFZ) provides Kp (GFZ, 2024).  

 According to the National Oceanic and 

Atmospheric Administration (NOAA) Space 

Weather Scales, geomagnetic storms have 

numbered levels (G scale) from 0 to 5. A Kp index 

9 means an extreme geomagnetic storm (G=5) 

(NOAA, 2024a).   

 The Dst index measures the deviation (in nano 

Teslas - nT) or changes in Earth’s magnetic field 

from its average quiet time value, the strength of 

Earth’s internal magnetic field (Moldwin, 2022). 

Selected magnetometer measurements are 

combined to determine the Dst index to provide an 

average measure of the magnetic disturbance (Otto, 

2005). It is a geomagnetic index that measures the 

magnitude of geomagnetic storms. The Dst index 

has a standard behavior (signature) during 

geomagnetic storm events.  

 The principal characteristic of a geomagnetic 

storm is the so-called "main phase," i.e., the 

interval of a significant decrease in Dst (Gonzalez 

et al., 1994). The Dst index can drop by several 100 

nT (negative values) within a few hours. After the 

main phase, there is a second phase of a slow (days) 

recovery (recovery phase) of the Dst (Otto, 2005) 

until it reaches approximately the quiet value, 

which occurs when there is no storm. The energy 

input to the upper atmosphere is maximized during 

the main phase, while during the recovery phase, 

the geomagnetic activity and energy input decrease 

(Schunk and Nagy, 2009). 

 However, there is no unique definition of the 

strength of the geomagnetic storms concerning the 

Dst index, as the thresholds differ between 

different authors (Miteva and Samwel, 2023).  

 This research will adopt the classification 

proposed by Loewe and Prölss (1997). This 

classification considers great storms with a Dst 

index below -350 nT. These events are considered 

exceptional, as in the recent May 2024 storm 

(05/10/2024). This storm was similar to historic 

storms in 1958 and 2003 (NASA, 2024), reaching 

a peak Dst of -351 nT on 05/10/24 at 23-24 UTC 

(WDC, 2024).   

 Storms (main phase) are usually associated 

with increased electron densities in the lower 

ionosphere (Komjathy, 1997). During the main 

phase, the ionosphere's electron density can show 

high variation rates (Yasyukevich et al., 2020). 

Furthermore, it can increase the occurrence of 

irregularities in the ionosphere and ionospheric 

scintillation effects. A phenomenon of weakening 

TEC intensity occurs mainly during the recovery 

phase of geomagnetic storms (Wang et al., 2023). 

However, disturbance remained in the early storm 

recovery phase (Wan et al., 2021).  

 Ionospheric scintillations are rapid random 

fluctuations in the amplitude and phase 

of electromagnetic wave signals observed by a 

radio receiver. They happen when the signals pass 

through irregularities in the electron density 

distribution of the ionosphere. Scintillation affects 

radio wave propagation, including GNSS signals 

(Imam et al., 2024). Therefore, signal loss or cycle 

slip may occur due to the weakening of the signal 

received by the GNSS receivers, adversely 

affecting the performance of the GNSS 

positioning, including Precise Point Positioning 

(PPP) (Caldeira et al., 2020). In this event, the 

integer counter is reinitialized, which causes a 

jump in the instantaneous accumulated phase by an 

integer number of cycles. This jump is called a 

https://www.sciencedirect.com/topics/physics-and-astronomy/electromagnetic-wave
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cycle slip, which is restricted to phase 

measurements (Hofmann et al., 2008). A cycle slip 

is a momentary disruption of phase tracking (Beeck 

et al., 2023).  

 From a global perspective, ionospheric 

scintillation is most prominent at equatorial and 

low latitudes (Zheng et al., 2022), particularly 

around the geomagnetic equator after local sunset 

(GPS WORLD, 2024).  

 PPP can achieve decimeter or even millimeter 

levels of positioning accuracy in general. However, 

this accuracy will be degraded significantly under 

a strong geomagnetic storm, which is a major 

disturbance of Earth's magnetosphere that occurs 

when there is a very efficient exchange of energy 

from the solar wind into the space environment 

surrounding Earth (Luo et al., 2022).  

 Although PPP has definite advantages for 

many applications, its merits and widespread 

adoption are limited by the convergence time. The 

convergence time is defined as the time required 

for the position or ambiguity estimates to reach a 

specific level of accuracy and does not deviate 

beyond this level after reaching it (Choy et al., 

2017).  Therefore, the PPP accuracy can be 

decreased due to the subsequent reconvergence 

caused by frequent cycle slips during geomagnetic 

storms (Lu et al., 2020).     

 Several online PPP services exist, including 

the Canadian Spatial Reference System Precise 

Point Positioning (CSRS-PPP). The Canadian 

Geodetic Survey (CGS) of Natural Resources 

Canada (NRCan) updated the CSRS-PPP service 

on Tuesday, 20 October 2020, including the PPP 

with Ambiguity Resolution (PPP-AR) (NRCAN, 

2024a).  

 Various studies have been carried out to 

evaluate the impact of storms on GNSS 

positioning, such as Berdermann et al. (2018), 

Odolinski and Teunissen (2019), Filjar (2021), and 

Zhow et al. (2024). Luo et al. (2018, 2022a, 2022b, 

and 2023), Lu et al. (2020), Alcay (2022), 

Paziewski et al. (2022), Mou et al. (2023), and 

Wang et al. (2023) assessed the impacts of storms 

on the PPP.  

 However, due to the recent event in 2024 and 

its exceptional nature, no articles have yet been 

published considering its effects on the PPP.  

 This research aims to evaluate the impacts of 

the great geomagnetic storm of 2024 on CSRS-PPP 

(NRCAN, 2024b) in Brazilian territory, covering 

part of the equatorial and low-latitude regions. For 

this, Brazil has the Brazilian Network for 

Continuous Monitoring of the GNSS Systems 

(RBMC), which provides free GNSS data 

distributed throughout Brazilian territory. The 

study aims to assess the effects of the great storm 

on three-dimensional accuracy, percentage of 

ambiguity resolution, and cycle slip.   

 Great geomagnetic storms are exceptional 

events, like the one that occurred in 2024 after over 

two decades (since 2003). As highlighted by the 

director of the Space Weather Prediction Center of 

the National Oceanic and Atmospheric 

Administration (NOAA), considering the great 

storm of 2024, he states, “This is an unusual and 

potentially historic event” (NOAA, 2024b). The 

space weather conditions that led to the great storm 

will be detailed in the following sequence. 

Material and methods 

The great geomagnetic storm of 2024 May  

 On 05/09/2024, multiple Coronal Mass 

Ejections (“MCE Cannibal”) were recorded 

towards Earth (Space Weather, 2024). NOAA 

space weather forecasters have observed at least 

seven CMEs from the sun (NOAA, 2024b). The 

dominant interplanetary phenomena causing 

intense magnetic storms are the interplanetary 

manifestations of fast CME (Gonzalez et al., 1999).  

 On 05/10/2024, the solar wind speed reached 

725.1 km/s; on 05/11/2024, it reached 907.2 km/s. 

On calm days, solar wind speeds are typically 

between 300 and 400 kilometers per second. This 

information was obtained from the website 

www.spaceweather.com. As the Kp index 

indicates, this space weather condition has caused 

an extreme storm (Figure 1).    
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Figure 1. Kp index for 2024-05-10.   

Source:  https://kp.gfz-potsdam.de/en/hp30-hp60/daily-plots 

 

Based on the information from Figure 1, 

the kp index has reached a value of 9 (21 – 24 

UTC), categorizing the storm as extreme.  

 

 

Figure 2 illustrates the Dst index for May 

2024. 
 

 

 
Figure 2. Dst index for May 2024.  

Source:  https://wdc.kugi.kyoto-u.ac.jp/dst_realtime/202405/index.html 

 According to Figure 2, the main phase of the 

storm began on 05/10/2024 (23-24 UTC), reaching 

a peak Dst of -351 nT (great storm). During this 

period, the storm is expected to have the most 

significant impact on GNSS positioning. The storm 

recovery phase began on 05/11/2024.  

 

Data GNSS processing 

  

 The study used data from 20 RBMC GNSS 

stations, as shown in Figure 3. The data, in 

Receiver Independent Exchange Format (RINEX 

v2.11), includes GPS and GLONASS 

observations. GNSS data was collected over five 

days, including two days before, one day during the 

storm (05/10/2024 – main phase), and two days 

after. GNSS data was processed during the main 

phase of the storm, from 23 to 24 UTC 

(05/10/2024).   

  In this manner, 100 values (20 stations x 5 

days) of three-dimensional accuracies, 100 values 

https://kp.gfz-potsdam.de/en/hp30-hp60/daily-plots
https://wdc.kugi.kyoto-u.ac.jp/dst_realtime/202405/index.html
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of percentages of ambiguity solutions, and cycle 

slips have been obtained. 

 In CSRS-PPP, ambiguity resolution is 

performed on the backward run. This means that 

epochs are first processed chronologically to 

ensure all information is available before resolving 

ambiguities. Starting with the last epoch 

successfully processed, then, beginning with the 

last epoch successfully processed, ambiguity 

resolution is attempted.  

 This process is repeated for all epochs in 

reverse order (from last to first epoch) (NRCAN, 

2020). In CSRS-PPP, GLONASS ambiguities are 

not resolved.  

 

 
Figure 3. Spatial distribution of GNSS stations in Brazil. 

 

The standard deviations from CSRS-PPP 

with 95% significance in Cartesian components 

(σx, σy, σz) are used to calculate three-dimensional 

precisions (TDP) using Equation 1.  

𝑇𝐷𝑃 =  √𝜎𝑥2 + 𝜎𝑦2 + 𝜎𝑧2                                 (1) 

An error is the difference between a 

measured value for any quantity and its true value 

In theory, the true value of a quantity can never be 

determined (Ghilani, 2018). However, in practice, 

a reference value is typically designated as true. 

Based on this, the three-dimensional discrepancies 

(“error”) (TDD) were calculated by comparing the 

estimated coordinates with the reference 

coordinates of the RBMC stations, at the same 

epoch and frame from the CSRS-PPP estimated 

coordinates using Equations 2, 3, 4, and 5.  

dX =  Xe − Xr                                                         (2) 

dY =  Ye − Yr                                                         (3) 

dZ =  Ze − Zr                                                          (4) 

TDD =  √dX2 + dY2 + dZ2                             (5) 

 

Were,  

 

Xe, Ye, Ze: three-dimensional estimated 

coordinates in Earth-Centred, Earth-Fixed (ECEF). 

Xr, Yr, Zr:  three-dimensional reference 

coordinates in ECEF. 

Beginning with GNSS observations 

collected on Sunday, 27 November 2022, CSRS-

PPP will output ITRF solutions in the IGS20 

reference frame. This new frame is the 

International GNSS Service (IGS) realization of 

ITRF2020 (NRCAN, 2024b). 
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The reference coordinates were obtained 

from weekly positions generated by DGFI-TUM 

for the SIRGAS stations from RBMC, in the same 

epoch and frame (IGS20) as the estimated 

coordinates in CSRS-PPP (SIRGAS, 2024), to 

reduce the effect of displacement of the South 

American tectonic plate over time. The operational 

SIRGAS weekly solutions refer to the IGS 

reference frame valid at the time (IGS20) when the 

analysis of GNSS data is made. This enables a 

rigorous analysis of the results.   

We will assess the results using three-

dimensional accuracy (TDA) calculated by 

Equation 6.  

TDA =  √TDP2 + TDD2                 (6) 

 Equation 6 includes both random and 

systematic (bias) effects (Monico et al., 2009).  

The ambiguity resolution percentages and 

cycle slips available in the processing reports were 

also evaluated from heatmap charts using 

MATLAB version 2022b (academic use). 

  

Results and Discussion 

 

The 3D accuracies (TDA) for the 20 

RBMC stations are depicted in Figures 4, 5, 6, and 

7. Graphs indicate the conventional Day-Of-Year 

(DOY) calendar form, which is widely used in 

GNSS. The DOYs 129 to 133 represent, 

respectively, the dates 05/08/24 to 05/12/24. Due to 

the absence of GNSS data from the AMTE station 

for DOY 132, no accuracy value is presented in the 

figure (blank space in Figure 4). The highest TDA 

value occurred during the main phase of the storm 

(DOY 131 – Figure 4) at AMTE station (0.607 m). 

The lowest TDA value was 0.048 m for the CORU 

(DOY 129 – Figure 5) two days before the storm.  

In the two days before the storm, the 

maximum TDA value was 0.277 m for the CRUZ 

station (DOY 129 – Figure 5). In contrast, as 

previously mentioned, on the day of the main phase 

of the storm, the highest value was 0.607 m for the 

AMTE station (DOY 131 – Figure 4), representing 

an increase of around two times the maximum 

value obtained before the storm. During the main 

phase of the storm (DOY 131), there were no TDA 

values recorded at the centimeter level (< 0.10 m).  

On DOY 129, there were 15 occurrences of 

TDA at the centimeter level, followed by 16 

occurrences on DOY 130 (before the storm). Post-

storm (DOY 132), seven occurrences of 

centimeter-level TDA values were recorded, and 14 

two days later (DOY 133). 

After the main phase, the highest 3D 

accuracy value (0.326 m) occurred at the SMAR 

station (DOY 132 – Figure 6), while the lowest 

value reached 0.052 m for the IMPZ station (DOY 

132 – Figure 5).   
 Only three stations (ITAI - Figure 5, SMAR - 

Figure 6, and SPC1 – Figure 7) did not provide the 

highest TDA values in the main phase of the storm. 

In this case, the highest values occurred on the first 

day of the recovery phase of the storm (DOY 132).  

 On DOY 129, the average TDA value was 

0.099 m; on DOY 130, it was 0.086 m; on the day 

of the storm (main phase—DOY 131), it increased 

to 0.339 m. In the storm recovery phase, on DOY 

132, the precision value decreased by 0.157 m; on 

DOY 133, it decreased to 0.112 m. 

 In the initial recovery phase (DOY 132), 

ionospheric disturbances may still occur, given that 

the average precision value (0.157 m) is almost 

twice that of the day preceding the storm (0.086m). 

During the recovery phase of the geomagnetic 

storm, ionospheric disturbances may persist (Wang 

et al., 2023).  

 He et al. (2023) also highlighted these 

conclusions. In this study, the positioning error 

anomalies are mainly concentrated in the main 

phase and early recovery phase of the geomagnetic 

storms. The percentages of ambiguity solutions for 

each RBMC station and their average values for the 

five days are depicted in the heatmap chart (Figure 

8). Tones of darker blue indicate higher 

percentages. In legend, “NaN” denotes the absence 

of GNSS data for the AMTE station on DOY 132 

from 23 – 24 UTC. 
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Figure  4 – 3D accuracy of RBMC stations (ALAR, AMTE, BAIT, BOAV, CEFE) 

 

 
Figure  5 – 3D accuracy of RBMC stations (CORU, CRUZ, GOJA, IMPZ, ITAI) 

 

DOY 129 DOY 130 DOY 131 DOY 132 DOY 133

ALAR 0,187 0,052 0,356 0,070 0,063

AMTE 0,111 0,207 0,607 0,280

BAIT 0,071 0,055 0,298 0,249 0,087

BOAV 0,082 0,092 0,505 0,109 0,084

CEFE 0,058 0,060 0,319 0,237 0,111
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Figure  6 – 3D accuracy of RBMC stations (MTJI, SMAR, PASM, POAL, RNPF) 

 

Figure  7 – 3D accuracy of RBMC stations (ROGU, SCCR, SPC1, TOPL, UFPR) 

  

 On DOY 129, the average ambiguity 

resolution percentage was about 55%, increasing to 

around 69% on DOY 130. However, on the day of 

the storm (DOY 131), the average dropped to 0%, 

indicating the significant impact of the main phase 

in GNSS signals. After the main phase, the average 

increased to 31% (DOY 132) and approximately 

48% on DOY 133. Throughout the main phase of 

the storm, the percentages of ambiguity solutions 

consistently registered 0%, as identified in Figure 

8 (middle of heatmap chart).  
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Figure 8 – Ambiguity percentage. 

 

 Figure 8 also shows the storm's impact on the 

first day of the recovery phase (DOY 132). On this 

day, the average ambiguity resolution percentage 

was still very low at 31%. Only six stations had 

values greater than 50%. Additionally, the 

ambiguity resolution percentages at eight stations 

were equal to 0.0%.  

 As stated in the introduction, storm effects can 

significantly increase the density and variation in 

electron density in the ionosphere, negatively 

impacting positioning performance. Furthermore, 

ionospheric scintillation effects may occur. As a 

result, cycle slips may happen in the GNSS signals, 

contaminating the data and resulting in very short 

arcs. In this case, the CSRS-PPP could not 

confidently resolve ambiguities and provided a 

float solution (NRCAN, 2020).   

 The mechanism for the decrease in ambiguity 

resolution percentage under geomagnetic storms is 

mainly due to the cycle slips of GNSS signals 

caused by storm-induced ionospheric disturbances 

and scintillations (Luo et al., 2023). 

 To analyze the impact of the main phase of the 

storm in cycle slips, the station BOAV will be taken 

as an example, which delivered low accuracy 

during the main phase of the storm (0.505 m). The 

processing report indicates that 84.9% of 

ambiguities were resolved as integers one day 

before the storm (Figure 8 – DOY 130).  

 The Ambiguity Status Plot (ASP) for the 

observation session of station BOAV (23-24 UTC), 

one day before the storm, is shown in Figure 9.  

Since no attempt has been made to resolve 

GLONASS ambiguities, the figure illustrates only 

the satellites of the GPS constellation.  

 Firstly, we can note that GPS signals were 

collected from 11 satellites. The ASP illustrates the 

status of estimated ambiguities for all satellites at 

each epoch. The green color indicates when the 

ambiguity has been resolved as integers (fixed 

solution in 84.9%). The olive color indicates float 

ambiguity (satellites G06 and G25).
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Figure 9 – Ambiguity status for BOAV station – (DOY 130)

 
 The cyan color indicates “datum ambiguity,” 

according to Collins et al. (2010). Red indicates a 

new ambiguity (arc). The vertical red lines in 

satellite G18 indicate cycle slip. Due to the high 

percentage of integer ambiguities on the day before 

the storm (DOY 130 – Figure 8), the three-

dimensional accuracy was equal to 0.092 m, which 

is very close to the average value (0.086 m) before 

the storm. 

 On the day of the storm, the three-dimensional 

accuracy increased to 0.505 m, with the percentage 

of integer ambiguities at 0.0%,  

 

 

 

 

demonstrating the adverse impacts of the great 

storm. Figure 10 shows the ASP on the day of the 

storm (DOY 131 – main phase) for the station 

BOAV. The figure shows a very different scenario 

from the day before the storm. In this case, all 

solutions were float. The plot shows a high 

occurrence of cycle slip (red), which resulted in 

very short arcs (olive) and ambiguity resets.   

 As mentioned in the introduction, cycle slips 

may arise from ionospheric scintillation and great 

storms, adversely affecting the performance of the 

GNSS positioning due to the successive 

reconvergence that consistently occurs in the main 

phase of the storm.  
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Figure 10 – Ambiguity status for BOAV station – (DOY 131) 

 

 One day after the main phase of the storm 

(DOY 132), the ambiguity resolution percentage 

increased to 64.38%; the following day (DOY 

133), it increased to 85.67% (Figure 8).  

 Before the storm, a high 3D accuracy value of 

around 0.28 m was observed at CRUZ station (see 

Figure 5 - DOY 129). However, the occurrence of 

cycle slips was significantly lower (Figure 11) than 

the day of the storm, as shown in Figure 12 (DOY 

131). Both figures illustrate the ASP for the 

observation session of station CRUZ (23-24 UTC).  

 Based on the data in Figure 11, there were two 

cycle slips for satellite G18, contributing to a total 

of 9 cycle slips. The CRUZ station receiver 

observed nine satellites, two less than the BOAV 

station. This is due to the fact that the equatorial 

region (BOAV – Figure 3) provides a greater 

number of satellites.   

 The data in Figure 12 (DOY 131 – CRUZ 

station) indicates that the number of cycle slips 

significantly increased on the day of the storm. A 

critical factor limiting the adoption of PPP in many 

applications is the convergence time needed to 

reach centimeter-level accuracies (Banville et al., 

2021). Hence, cycle slips play a crucial role in PPP 

accuracy because of the repeated periods of 

reconvergence. In the main phase of the storm, it 

was impossible to reach centimeter-level 

accuracies.   It is important to note that with a GPS-

only solution, the positioning accuracy can be 

better than 1 dm after a convergence time of about 

30 minutes (Li et al., 2015). 
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Figure 11 – Ambiguity status for CRUZ station – (DOY 129) 

 

 
 Figure 12 – Ambiguity status for CRUZ station – (DOY 131) 
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  The cycle slips for each RBMC station and 

their average value for the five days are depicted in 

Figure 13 (heatmap chart). On DOY 129, the 

average cycle slips were about 14, which decreased 

to around five on DOY 130. 

However, on the day of the storm (DOY 131), 

average cycle slips increased to around 141, 

indicating the adverse impact of the main phase in 

GNSS signals. After the main phase, the average 

decreased to around 13 (DOY 132) and increased 

to 18 on DOY 133.  

 

 
Figure 13 – Cycle Slips

 

 It is essential to highlight that the lowest 

average value of TDA occurred on the day before 

the storm (0.086 m) on DOY 130. The lowest cycle 

slip values also occurred on DOY 130. For 

instance, at the TOPL station, no cycle slip 

occurred. The GOJA station presented a different 

behavior from the other stations. The days before 

and after the storm resulted in high cycle slips 

exceeding 30. According to the processing reports, 

this station led to several epochs where the satellite 

was rejected (missing observations). This may be 

related to receiver tracking issues. In addition, the 

GOJA station consistently maintained an 

ambiguity percentage of 0.0% (Figure 8). 

 In all cases with accuracy values exceeding 

0.015 m, the ambiguity resolution percentages 

were 0.0%.  

 Given the results obtained, the impact of the 

main phase of the storm on the percentage of 

solution of ambiguities and cycle slips is evident, 

implying the adverse performance of the CSRS-

PPP due to the increase in three-dimensional 

accuracies. 

 

Conclusion 

  

 This study used GNSS data from RBMC to 

investigate the effects of the great geomagnetic 

storm of 2024 on PPP.    
 The study used data from 20 RBMC GNSS 

stations distributed throughout Brazilian territory. 

GNSS data was collected over five days, including 

two days before, one day during the storm (main 

phase), and two days after. GNSS data processing 

was carried out during the 23-24 UTC period, 

aligning with the main phase of the storm.  

 Three-dimensional accuracies were evaluated, 

as well as the percentages of ambiguity resolutions 

and cycle slips. Major conclusions can be 

summarized as follows: 
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1. The main phase of the storm had a 

significant adverse impact on the CSRS-

PPP, leading to a remarkable increase in 

the average three-dimensional accuracy to 

0.339 m. This represents an increase of 

around four times compared to the day 

before the storm (0.086 m). 

2. During the early stages of recovery, it's 

important to note that ionospheric 

disturbances may continue to occur. This is 

indicated by the average accuracy value 

(0.157 m), which is nearly double that of 

the day before the storm (0.086m). 

3. Due to the main phase effects, the 

percentage of ambiguity solutions 

decreased to 0.0% for all GNSS stations. 

4. During the main phase, cycle slips 

increased significantly. Hence, cycle slips 

play a crucial role in PPP accuracy because 

of the repeated periods of reconvergence. 

In the main phase of the storm, it was 

impossible to reach centimeter-level 

accuracies. 

  

 We have presented the main conclusions here. 

It is important to note that events of this magnitude, 

such as the storm analyzed, are rare and 

exceptional. Therefore, future research should 

analyze GNSS data from globally distributed 

stations, such as those provided by the IGS 

network.  
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