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Interplanetary coronal mass ejections (ICMEs) and the driven geomagnetic storms have a profound influence on the ionosphere, potentially leading to a degradation in positioning performance. In this study, we made a comprehensive analysis of the entire process of the impact of a typical ICME and its driven geomagnetic storm on the low-latitude ionosphere during March 13–14, 2022 (π-day storm) and the positioning performance of Global Navigation Satellite System (GNSS). During the passage of the ICME event, significant ionospheric scintillation, and TEC (total electron content) disturbances were observed in the low-latitude Hong Kong region. The ICME sheath region intensively compressed the magnetosphere via solar wind dynamic pressure enhancement and subsequently drove the storm main phase. It is found that both the magnetospheric compression that formed the storm initial phase and the storm main phase caused ionospheric scintillation. In comparison, the intensity of the ionospheric scintillation caused by the intense magnetospheric compression just before the storm main phase is even more pronounced. We also analyzed the impact of storms on standard point positioning (SPP), precise point positioning (PPP) and real-time kinematic (RTK) techniques. The positioning accuracies of single-frequency SPP and PPP experienced the most severe decline, and there was a noticeable increase in the initialization time for dual-frequency static PPP and RTK during the event. RTK demonstrated a shorter convergence time and higher accuracy during this event, but it was limited to short-baseline RTK (<30 km).
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1 INTRODUCTION
Geomagnetic storms are major disturbance of the Earth’s magnetosphere caused by the solar wind-magnetosphere couplings. The geomagnetic storms are generally caused by interplanetary coronal mass ejection (ICME), the corotating interaction region (CIR), and high-speed streams. In particular, intense storms (Dstmin < −100 nT) are usually driven by ICMEs with sustaining strong southward magnetic fields in sheath regions (Zhang et al., 2007). The geomagnetic storm can induce global disruptions in the ionospheric, commonly known as ionospheric storms (Buonsanto, 1999; Balan et al., 2010). As a result, the positioning performance of Global Navigation Satellite Systems (GNSSs) could be degraded due to ionospheric refraction and diffraction effects amplified by geomagnetic storms (Yang et al., 2020).
When traversing the ionosphere, electromagnetic waves refract, with a reduced propagation speed. The refraction effects include the following three points: 1) Degraded positioning performance of single-frequency standard point positioning (SPP) and precise point positioning (PPP). The refraction on single-frequency signals can be corrected using various ionospheric models, such as the Klobuchar model (Klobuchar, 1987) for GPS, the NeQuick model (Nava et al., 2008) for Galileo, and the BeiDou global ionospheric delay correction model (BDGIM) (Yuan et al., 2019). However, even the best-performing BDGIM model can correct only up to 80% of the ionospheric delay. An overall increase in global positioning errors due to the reduced effectiveness of global ionospheric models could still occur during geomagnetic storms (Yang et al., 2020; Nie et al., 2022a; Luo et al., 2023). 2) Reduced accuracy of real-time kinematic (RTK) data. Amplified local disturbances during storms cause greater local ionospheric gradients, thereby affecting the accuracy of real-time kinematic (RTK) data. Wielgosz et al. (2005) found that under severe ionospheric conditions, the remote RTK instantaneous ambiguity resolution (AR) located in Ohio was no longer effective during the 2003 Halloween geomagnetic storm. At the same time, it also hindered on-the-fly (OTF) AR. For the Halloween storm event, Bergeot et al. (2011) found that the RTK positioning performance decreased during the storm, especially at stations in northern Europe. It is noteworthy that these events were all driven by ICMEs, and the research on RTK effects has mostly focused on mid- or high-latitude regions. Studies of the storm-induced effects on positioning performance in low-latitude areas near the equator are still relatively scarce. 3) Reduced convergence speed of PPP. Besides final accuracy, fast convergence speeds for positioning are also required for PPP users. Many studies have focused on reducing the initialization time of PPP and improving its accuracy (Collins et al., 2010; Ge et al., 2008; Geng et al., 2010; Li et al., 2011). However, although regional ionospheric modeling can be used to ameliorate the slow convergence rate caused by ionospheric delay, this approach may be less effective during geomagnetic storms (Yao et al., 2013).
Diffraction occurs when GNSS signals pass through ionospheric irregularities. During storms, widespread irregularities in the ionosphere cause rapid and random fluctuations in the amplitude and phase of GNSS signals, known as ionospheric scintillation (Kintner et al., 2007). It can result in signal loss (Lovati et al., 2023), cycle slips (Li et al., 2023; Xiang et al., 2022), and a reduction in the number of visible satellites (Yang and Morton, 2020), ultimately leading to sudden increases of positioning errors. Compared with the errors caused by refraction, the positioning errors induced by ionospheric scintillation are more unstable, significant, and challenging to correct. This is especially obvious in the equatorial belt regions where scintillation is enhanced due to the small-scale irregularities formed by the ascent of plasma bubbles (Moraes et al., 2018; Zakharenkova and Cherniak, 2021).
Understanding the specific causes and impacts of space weather events on GNSS positioning accuracy is crucial. Numerous attempts have been made to study the positioning degeneration caused by intense geomagnetic storms triggered by ICMEs, such as the Halloween storm on 30 October 2003 (Wielgosz et al., 2005; Bergeot et al., 2011) and St. Patrick’s Day geomagnetic storm in 2015 (Lu et al., 2020; Poniatowski and Nykiel, 2020; Yang et al., 2020; Nie et al., 2022b). Paziewski et al. (2022) and Luo et al. (2018) compared and analyzed the positioning performances of RTK and PPP receivers, respectively, during three geomagnetic storm events. Unfortunately, they only roughly analyzed the observed degradation in positioning over the entire storm event, and from an engineering perspective, attributed it to anomalous changes in the ionosphere or signal anomalies without analyzing the space weather causal chain. Jacobsen and Andalsvik (2016); Jacobsen and Schäfer (2012) found a close correlation between ionospheric disturbances and auroral electrojet currents and attempted to use predictions of auroral electrojet to aid in forecasting disturbances in GNSS positioning. The impact of ICMEs and their consequent geomagnetic storms and magnetospheric compression on positioning degeneration and the specific impact mechanisms are still not well understood. Overall, previous studies have barely investigated the background physical process between the GNSS-based positioning performance and the ICMEs event as well as the geomagnetic storms in detail. In this study, to address this problem, we comprehensively explored the entire chain from the ICME event on March 13–14, 2022 to GNSS positioning performance. Specifically, the commencement of the π-day geomagnetic storm induced by the ICME, the following response of the ionosphere, and the succeeded disturbances of GNSS signals are quantitatively investigated in detail. Moreover, we identified the distinctive impact of the enhanced dynamic pressure structure within ICMEs sheath on both the ionosphere and positioning errors. The present work provides a new insight on the effects of space weather on the GNSS. In Section 2, the data sources and processing methods are presented. In Section 3 and Section 4, the observations and data analyses are presented. Section 5 provides a summary.
2 DATA AND PROCESSING METHOD
2.1 Data
The solar wind plasma and magnetic field data, including the solar wind magnetic field, the solar wind speed, proton density, proton temperature, proton number density (with a 1-min time resolution) and the SymH index (with a 1-min time resolution), were downloaded from https://omniweb.gsfc.nasa.gov/ow_min.html. The GOES X-ray fluxes are available at https://www.ngdc.noaa.gov/stp/satellite/goes-r.html.
Five stations of the Hong Kong continuous operational reference system are selected: HKLM, HKKS, HKTK, HKCL, and HKST. The location of each station is shown in Figure 1, and the longitude, latitude, receiver, and antenna type information is listed in Table 1. The observational data was downloaded from https://www.geodetic.gov.hk/sc/rinex/DOWNV.ASPX. The precision clock files and precision ephemeris files are downloaded from https://cddis.nasa.gov/archive/gnss/products/. The antenna files are downloaded from https://files.igs.org/pub/station/general/.
[image: Figure 1]FIGURE 1 | The locations of the five low-latitude GNSS stations in Hong Kong are marked by red stars.
TABLE 1 | Position and equipment information of the five GNSS stations in Hong Kong.
[image: Table 1]2.2 Processing methodology
2.2.1 Ionospheric parameter calculations from GNSS
The total electron content (TEC) is calculated by the carrier smoothing pseudorange method using ground-based GNSS data. GNSS geodetic receivers generally have at least 2 frequencies. Since the ionosphere causes different delays for different frequency code observations, this feature can be used to calculate the TEC of the slant signal path of the ionosphere. If the numerical frequency is known, the TEC is proportional to the delay, expressed as Eq. 1:
[image: image]
where Ik denotes the delay in meters of the Lk band of the GPS, STEC denotes the TEC on the slant signal path, α is the constant value to link the TECU (1 TEC unit = 1016 electrons/m2) and length units, and f is the frequency. Then, from the carrier phase raw observation L1 and L2 from the ground GNSS receivers, a new observation named L4 can be formed, which keeps the ionospheric delay expressed as Eq. 2:
[image: image]
Where [image: image] is the carrier phase measurements at frequency [image: image] (m), br,21, and bs21 are the errors introduced by the differential phase bias (DPB) of the receiver and satellite, respectively; [image: image] is the wavelength (m) and [image: image] is the integer ambiguity at frequency [image: image] (cycle); and [image: image] is the residuals.
Similarly, geometry-free combinations based on the pseudorange can be deduced. Afterward, the carrier-to-code levelling method (Zhang et al., 2019) is used to address the ambiguity problem to obtain the STEC, with the accuracy of the carrier and without carrier ambiguity. The detailed data processes are the same as those in Ciraolo et al. (2007) and Nie et al. (2018).
In addition, the remaining disturbance terms after removing the long-term trends, the rate of total TEC change index (ROTI), and S4 are also calculated to explore the regional ionospheric state during the disturbance or scintillation stage.
2.2.2 Positioning model
The RTKLIB 2.4.2 open source program package for standard and precise positioning with GNSS is used for SPP/PPP and RTK solutions. This study uses the console application on Linux to run rnx2rtkp in parallel with RTKLIB. Detailed information about the RTKLIB can be found on the RTKLIB website (https://www.rtklib.com/). Table 2 provides the primary processing models and methods used in the SPP and PPP solutions.
TABLE 2 | The main calculation data processing models and methods of SPP, PPP and RTK.
[image: Table 2]In the RTK positioning model, the kinematic positioning of the postprocessing function is selected. HKST is chosen as the reference station. The average baseline length is 20.47 km, while the shortest baseline is between the HKKS and HKST, with a length of 13.5 km.
3 SOLAR WIND AND X-RAY FLARE OBSERVATIONS
Figure 2 shows the solar wind magnetic field and plasma data from WIND at around L1 point (shifted by 44 min) and the geomagnetic SymH index on 2022 March 10-17th. Between 22:40 UT on March 13th and 19:00 UT on March 15th, a typical ICME was observed by WIND (see the shifted region between two vertical red lines in Figure 2). The ICME was identified based on several magnetic field and plasma characteristics, including strong magnetic fields (panel (a)), smooth field rotation (panel (c)) and low plasma β values (panel (i)) (this ICME was also identified by Ian Richardson and Hilary Cane; see the ICME list at https://izw1.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm). At 10:04 UT (10:48 UT after shifted) on March 13th, an interplanetary shock driven by this ICME was detected (labeled “S”). Across the shock front, there was a significant sharp increase in the magnetic field magnitude, proton temperature, number density, solar wind dynamic pressure, and plasma bulk velocity. This ICME-driven shock caused the storm sudden commencement (SSC, see the blue vertical line in panel (j)). The solar wind data were shifted by 44 min, which is the difference between the time when the shock wave reaches the L1 point and the SSC, to represent the solar wind conditions just outside the magnetosphere and indicate the correspondence between the solar wind disturbance and the magnetic storm phases.
[image: Figure 2]FIGURE 2 | Shifted solar wind magnetic field, plasma data and SymH index from March 10 to 17 March 2022. (A) magnetic field intensity and (B) its three components (in GSE coordinate), (C) latitudinal angle, (D) longitudinal angle, (E) plasma bulk velocity, (F) proton temperature, (G) number density, (H) solar wind dynamic pressure, (I) plasma beta, and (J) SymH index. The “S” marked with the blue vertical line represents the interplanetary shock driven by the ICME, and the two red vertical lines enclose the ICME body. In panel (J), the “SSC” marked with the blue vertical line represents the storm sudden commencement.
Between the shock and ICME body, the ICME sheath region formed from 10:04 UT to 22:40 UT on March 13th (WIND observation). The characteristics of the ICME sheath region are as follows: 1) the intensity of the turbulent magnetic field increases with a strong southward magnetic field, and there are several reversals in the magnetic field direction (the first southward magnetic field lasts for 160 min, reaching a minimum of −12.09 nT; the last southward magnetic field lasts for 110 min, reaching a minimum of −23.46 nT). 2) The plasma temperature, velocity, dynamic pressure, and number density remain consistently high in this region. An increase in the number density also indicates an increase in the solar wind dynamic pressure, which suggests that the magnetosphere will experience strong compression. 3) The onset and main phase of the storm were driven by the ICME sheath region owing to the persistent strong southward magnetic field.
Due to the compression of the shock, the magnetopause current was enhanced, and the geomagnetic field was also significantly enhanced, triggering the relatively momentary initial phase of the magnetic storm, from 10:48 UT to 13:33 UT. The magnetic field is generally negative during a storm due to the cancellation effect, and the short increase in the SymH index in the initial phase is caused by the compression of the magnetosphere by the sheath region. From 13:33 to 23:40 UT on March 13th (black lines in panel (j)) was the main phase of the geomagnetic storm, where the SymH index continuously decreased to a minimum of −114 nT, which indicates an intense storm. After 23:40 UT, the SymH index began to increase and gradually recovered to near zero throughout the following days from March 14th to March 17th. Notably, there were also three minor to moderate geomagnetic storms on the 10th, 11th and 12th before this π-day storm event, with minimum SymH indices of −33 nT, −39 nT and −56 nT, respectively (see the SymH index before the arrival of the ICME-driven shock). From panel b, it can be inferred that these three magnetic storms were induced by persistent interplanetary southward magnetic fields from weak solar wind disturbances.
Figure 3 presents the soft X-ray flux observations by GOES-16 during 2022 March 7–16, which are used to track solar activity and solar flares. An M-class flare occurred 2 days before the π day storm event at 22:34 UT on Mar. 11th. One M-class flare occurred at 8:38 UT on Mar. 14th, and two other M-class flares occurred at 12:43 UT and 22:46 UT on Mar. 15th. However, from the SSC (the vertical blue line) until the end of the main phase of the geomagnetic storm (the second vertical dashed black line), no M-class or X-class solar flares appeared.
[image: Figure 3]FIGURE 3 | Soft 1-s X-ray fluxes on 2022 March 7–16 detected by GOES-16. The “SSC” marked with the blue vertical line represents the timing of the storm sudden commencement, the two black dashed vertical lines enclose the main phase of the storm.
4 IONOSPHERIC RESPONSES AT LOW-LATITUDE STATIONS IN HONG KONG
The standard deviation of the VTEC for all satellites at the HKCL GNSS station was counted, as shown in Figure 4. The location of the ionospheric piercing point is different for each satellite, so the standard deviation actually indicates the magnitude of the difference in the spatial gradient of the ionosphere over Hong Kong. In general, both flares and magnetic storms can cause ionospheric disturbances, which can change the observed TEC (Foster and Rideout, 2005; Lu et al., 2020). As analyzed in Section 3, during the period from March 10th to March 12th, three weak to moderate geomagnetic storms occurred. From March 13th to March 15th, the intense π-day storm was driven by the sheath and the body of the ICME (see the analysis of the three storm phases in Section 3). On the other hand, on March 11th and March 14th, one M-class flare occurred separately, and on March 15th, there were two M-class flares, with the standard deviation of the VTEC reaching its maximum. These space weather events are responsible for the abnormally large peak in the standard deviation of the VTEC during the period of ionospheric disturbances from March 10th to March 15th.
[image: Figure 4]FIGURE 4 | The standard deviation of VTEC for all satellites at the HKCL GNSS station.
The TEC, the ROTI, which characterizes the short-term variations in the ionosphere, and S4, which characterizes the intensity of the scintillation at each GNSS station, are presented in Figure 5. From March 10th to March 12th and from March 14th to March 15th, ROTI and S4 are very small, indicating no significant ionospheric scintillation over Hong Kong during these periods. There was pronounced and sustained ionospheric scintillation during the period from 12:00–18:00 UT on March 13th (from 20:00 on March 13th to 2:00 on March 14th in local time for the HKCL station). The maximum ROTI reached 3.35 TECU/min, and the maximum S4 index was 1.12, which indicated very strong ionospheric scintillation.
[image: Figure 5]FIGURE 5 | The ionospheric response of the HKCL from March 10 to 15. Each subplot shows, from top to bottom, the variation of ionospheric TEC, the ROTI, and the S4 index for all satellites.
This ionospheric scintillation included three parts in terms of S4 and ROTI. The first part is obviously stronger than the other two parts. Figure 6 shows the shifted solar wind dynamic pressure, SymH index, ROTI and S4 index on March 13th. The gray area represents the period before the start of the storm main phase. During this period, the solar wind dynamic pressure increased from less than 1 nPa–17.67 nPa. The magnetosphere was intensively compressed by the sheath region of the ICME, which resulted in the storm initial phase. The first part of this ionospheric scintillation index S4 reaches a maximum of 1.12, which indicted a super strong scintillation. It may be caused by plasma bubbles or a more complex prereversal enhancement (PRE) generated by magnetospheric compression. The other two parts of the ionospheric scintillation are caused by the storm main phase. The maximum values of indices S4 are 0.86 (strong scintillation) and 0.41 (medium scintillation), respectively.
[image: Figure 6]FIGURE 6 | The solar wind, ionosphere, and positioning errors on the entire day of the 13th. (A) Shifted solar wind dynamic pressure; (B) SymH index; (C) ROTI; (D) Scintillation index S4.
5 GNSS-BASED POSITIONING PERFORMANCE ANALYSIS
5.1 SPP and PPP performance
The positioning errors for the three stations, HKKS, HKLM, and HKTK, from March 8th to 16th, 2022, were calculated using RTKLIB. Figure 7 shows the results of single-frequency SPP and PPP with broadcast ionospheric corrections. The SPP and PPP errors increased from March 12th to March 14th. Compared with the RMS errors in 3D for the following days when the error was stable, the errors for SPP and PPP increased by approximately 151.79 cm and 3.32 cm, respectively, from the 12th to the 14th of March. At the same time, the North and East errors for the single-frequency SPP are in the meter range, and the Up component and 3D errors are greater than 10 m, which is significantly greater than the single-frequency PPP results. In this experiment, the low-latitude single-frequency PPP achieved decimeter-to centimeter-level accuracy.
[image: Figure 7]FIGURE 7 | The RMS error of (A) SPP with a single frequency and (B) PPP with a single frequency for the HKKS, HKLM, and HKTK stations from March 8th to 17th, 2022. (The convergence time is set to 30 min for PPP).
As discussed in the above section, just before the SSC of the π-day storm, there was a moderate geomagnetic storm with a minimum SymH value of −56 nT occurring on March 12th. This moderate storm also affected the positioning accuracy. Hence, the positioning error started to increase from Mar12th. The direct impact of flares on positioning accuracy is typically momentary (Yasyukevich et al., 2018). Nie et al. (2022a) indicated that flares with a magnitude lower than the X-level or flares with a relatively low X-level have a minimal impact on positioning errors. Although there were two M-class flares on the 11th and 14th days, the direct impact of flares on positioning errors during these days was not substantial. Therefore, the initial phase and main phase of the π-day storm resulted in an increase in the positioning error from March 13th to March 14th. The deterioration of single-point positioning accuracy may be generated by specific effects of magnetic storms on the equatorial ionosphere, such as equatorial ionization anomalies (EIAs) and equatorial plasma bubbles (EPBs) (Aa et al., 2023).
Figure 8 shows the RMS errors of dual-frequency SPP and dual-frequency PPP with ionospheric correction of the ionosphere-free linear combination for the HKKS, HKLM, and HKTK stations from Mar 8th to 17th, 2022. Compared with single-frequency positioning, there is a significant improvement in overall accuracy. Additionally, utilizing dual-frequency combinations can mitigate the impact of geomagnetic storms to a great extent. To examine the daily variations in error, we plotted the data for single-frequency kinematic PPP for each epoch over these 10 days in Figure 9. Additionally, Table 3 provides the convergence times for dual-frequency dynamic and static PPP positioning on the March 13th and 14th, compared with that for magnetic quiet days (here, we select the days on Feb. 15–16 representing the magnetic quiet days).
[image: Figure 8]FIGURE 8 | The RMS errors of (A) SPP with dual frequency and (B) PPP with dual frequency for the HKKS, HKLM, and HKTK stations from March 8th to 17th, 2022. (The convergence time is set to 30 min for PPP).
[image: Figure 9]FIGURE 9 | The positioning error of single-frequency kinematic PPP. The errors in the North component for each station have been shifted by 8 m, those in the East component has been shifted by 5 m, and the Up component has been shifted by 16 m.
TABLE 3 | The convergence time during magnetic quiet days and magnetic storm days for kinematic and static PPP (kinematic PPP with a convergence threshold of 0.3 m and static PPP with a convergence threshold of 0.03 m).
[image: Table 3]Figure 9 illustrates the daily error variations for single-frequency dynamic PPP. It can be seen that: 1) The errors are larger in the morning and gradually decrease at night, showing a positive correlation with the TEC (see the first panel in Figure 5). 2) The waveforms on the 12th, 13th, and 14th days show a slight increase and are more pronounced than those on the 15th and 16th days, as shown in Figure 7B. 3) The maximum positioning errors during the 3 days of the magnetic storm period also increase. Additionally, no positioning error anomalies were found near the times of the flare events marked in Figure 2.
Table 3 presents the convergence times during magnetic quiet days and magnetic storm days for kinematic and static PPP. The convergence time of dynamic PPP shows no significant difference between magnetic quiet and magnetic storm days. For static PPP, there is an extended convergence time on the 13th and 14th days during the intense magnetic storm, with an additional 30 min compared with that on the magnetic quiet days.
5.2 RTK performance analyses
Figure 10 displays the daily RMS errors for RTK positioning for the five GNSS stations. Notably, the errors at the HKCL station exhibit anomalies over several days, potentially due to its long baseline with the reference station. As outlined in Section 2.3.2, only the baseline for the HKCL exceeds 30 km. Disregarding this station, we magnified the vertical axis to analyze the error variation trends for other stations. Due to being a reference station, the error at HKST remains consistent at its minimum value. It is evident that the RTK accuracy was hardly affected by the magnetic storm, except for a small peak in the Up component on March 13th. Furthermore, in addition to the HKCL site, the RTK positioning accuracy is slightly better than that of the PPP site, reaching the centimeter level. Jacobsen and Andalsvik (2016) and Paziewski et al. (2022) analyzed Norwegian stations during St. Patrick’s storm day and revealed that the PPP accuracy was better than that of the RTK. We believe that such differences arise due to the short baselines selected for our RTK stations, averaging 20.47 km, whereas they chose a reference station that was far from other stations (over 180 km), leading to significant ionospheric spatial gradients.
[image: Figure 10]FIGURE 10 | The RMS errors of RTKs for the HKKS, HKLM, and HKTK stations from March 8th to 17th, 2022. (The convergence time is set to 20 min).
In addition to the positioning accuracy, the convergence time is also an important indicator of RTK positioning performance. Table 4 provides the convergence times of the three components for RTK positioning during both magnetic quiet and magnetic storm days. A convergence threshold of 0.03 m is set. It is evident that the solution durations for each station on March 14th significantly increased. The convergence of the error solution starts at 00:00 UT on March 14th, when the SymH index is the lowest. Additionally, the HKCL experiences longer convergence times on the 13th to 14th centuries, possibly due to the longer baseline, as it is the farthest station from the reference station HKST.
TABLE 4 | The convergence time of the magnetic quiet days and magnetic storm days for RTK (Unit: s).
[image: Table 4]6 SUMMARY
It is known that geomagnetic storms cause various disturbances in the ionosphere, and these disturbances could affect GNSS positioning performance because of signal propagation effects. This study investigated the changes in the low-latitude ionosphere and GNSS-based positioning performance with the passage of a typical ICME on March 2022 and driven π-day geomagnetic storms, with a focus on the causal chain from solar wind disturbance to magnetospheric and ionospheric responses and on the effects of GNSS positioning techniques.
For the ionospheric parameters, the VTEC standard deviation is well correlated with magnetic storms and flares. From March 10th to 15th, the VTEC standard deviation increased significantly. It can be explained by the sequential occurrence of several M-class flares and magnetic storms, including intense π-day storms on these days. The ROTI and S4 indices showed significant disturbances after the arrival of the sheath region driven by the body of the ICME. The ICME sheath region intensively compressed the magnetosphere due to dramatically enhanced solar wind dynamic pressure, which contributed to the initial storm phase and subsequently drove the main storm phase due to the structure with persistent strong southward magnetic fields. Both the magnetospheric compression and the initial stage of the storm main phase caused ionospheric scintillations. In comparison, the intensity of the ionospheric scintillation in the initial storm phase just before the storm main phase is even more pronounced. The magnetospheric compression led to super strong-level scintillation. This phenomenon was not observed in previous events, such as St. Patrick’s day storm events, because the magnetospheric compression resulting from the dynamic pressure enhancement structure overlaps with the main phase of the storm, making it difficult to distinguish (Nie et al., 2022b). It is interesting to separately analyze and compare the ionospheric scintillations caused by intense magnetospheric compression and storm main phases with ring current enhancement during the passage of ICMEs. This will be our next consideration in the near future.
Furthermore, we compared the positioning performances of the SPP, PPP, and RTK techniques in response to this intense storm. The single-frequency positioning accuracy of SPP and PPP is consistently lower, whereas dual-frequency positioning is better, as indicated in previous studies (Luo et al., 2018). For the single-frequency SPP and PPP, there was at least a 10% increase in the error during the π-day storm compared with the positioning accuracy after the storm, while the performance of the SPP and PPP dual-frequency positioning was almost unaffected. It means that magnetic storms have a greater impact on single-frequency systems, while dual-frequency systems mitigate ionospheric errors, making them less affected by magnetic storms. Although dual-frequency PPP and RTK were still slightly affected, their accuracy remained two orders of magnitude greater than that of SPP.
For convergence time, the kinematic PPP seemed to be unaffected. However, compared to magnetic quiet days, static PPP convergence time increased by more than 30 min, while for RTK, due to its inherently faster convergence speed, it increased by only 13 min. Overall, RTK positioning performed the best during the magnetic storm, but only for the stations with short baselines (<30 km).
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