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Abstract

:

This work investigates the ionospheric response to the March 2023 geomagnetic storm over American and Asian sectors from total electron content (TEC), rate of TEC index, ionospheric heights, Swarm plasma density, radio occultation profiles of Formosat-7/Cosmic-2 (F7/C2), Fabry-Perot interferometer driven neutral winds, and E region electric field. During the storm’s main phase, post-sunset equatorial plasma bubbles (EPBs) extend to higher latitudes in the western American longitudes, showing significant longitudinal differences in the American sector. Over the Indian longitudes, suppression of post-sunset irregularities is observed, attributed to the westward prompt penetration electric field (PPEF). At the early recovery phase, the presence of post-midnight/near-sunrise EPBs till post-sunrise hours in the American sector is associated with the disturbance of dynamo-electric fields (DDEF). Additionally, a strong consistency between F7/C2 derived amplitude scintillation (S4) ≥ 0.5 and EPB occurrences is observed. Furthermore, a strong eastward electric field induced an increase in daytime TEC beyond the equatorial ionization anomaly crest in the American region, which occurred during the storm’s main phase. Both the Asian and American sectors exhibit negative ionospheric storms and inhibition of ionospheric irregularities at the recovery phase, which is dominated by the disturbance dynamo effect due to equatorward neutral winds. A slight increase in TEC in the Asian sector during the recovery phase could be explained by the combined effect of DDEF and thermospheric composition change. Overall, storm-time ionospheric variations are controlled by the combined effects of PPEF and DDEF. This study may further contribute to understanding the ionospheric responses under the influence of storm-phase and LT-dependent electric fields.
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1. Introduction


Ionospheric responses to a geomagnetic storm are discussed in terms of various effects and drivers. Strong geomagnetic storms (−200 nT < Dst < −100 nT) [1] associated with coronal Mass Ejections (CMEs) cause massive perturbations in the Earth’s magnetosphere due to the interaction of energetic solar wind particles and Earth’s magnetic field. In response to the increased geomagnetic activity, ionospheric irregularities/disturbances are observed at different latitudes and longitudes. Storm-time ionospheric variations are significantly controlled by the distinct geomagnetic storm-induced electric fields [2]. During the southward orientation of the interplanetary magnetic field north–south component (IMF-Bz), prompt penetration electric field (PPEF) injected to high latitudes from interplanetary medium penetrates to equatorial latitudes causing ionospheric changes [3,4]. The PPEF is eastward/westward during day/night hours and more dominant during the initial and early main phases of the storm [5,6]. Later, a few hours after the commencement of the main phase, both PPEF and DDEF are observed to be coexistent at the equatorial latitudes [7]; however, DDEF has a prevailing role in the later stages of the storm. The polarity of DDEF is opposite to PPEF; nonetheless, in the presence of northward IMF-Bz (over-shielding) conditions, prompt electric fields reverse their polarity to align with DDEF [8]. Moreover, DDEF is often associated with the disturbed neutral winds that emerged as a result of enhanced energy deposition due to high latitude heating [9,10].



One of the most important pre-requisites to regulate low-latitude ionospheric irregularities is the variation in the growth rate of Rayleigh–Taylor (R-T) instability [11]. Abdu [12] reported that the growth rate of R-T instability is enhanced/decreased due to the variations in equatorial E region electric fields during different phases of the geomagnetic storms. The enhanced pre-sunset eastward electric fields play a major role in the uplifting of ionospheric plasma, instigating (increasing ionospheric heights, hmF2) the formation of post-sunset equatorial plasma bubbles (EPBs) reaching up to higher latitudes ([13], and references therein). Although, during the high solar activity periods and equinox season, post-sunset EPBs are common in the American and Asian sectors [14,15,16], nevertheless, the irregularity is confined to equatorial latitudes under normal conditions [13]. Similarly, the post-sunset irregularities can be suppressed or inhibited during the geomagnetic storms owing to the westward PPEF and DDEF acting at night and daytime, respectively [12,17]. Moreover, the formation of post-midnight or near-sunrise equatorial spread-F (ESF) or EPBs during geomagnetic storms is not common [13]. Several studies suggested that the EPBs observed at dawn or post-sunrise periods are the remnant of post-sunset EPBs [18,19,20]. Contrary to this, it is also reported that the pre-reversal enhancement (PRE) of the ionospheric F layer peak under the influence of nighttime eastward DDEF triggered the generation/enhancement of irregularities [12,21,22,23]. The ionospheric irregularities (or EPBs/ESF) during geomagnetic storms cause massive phase fluctuations and amplitude scintillations impacting satellite signals [24,25]. The cycle slip and loss-of-lock to the Global Navigation Satellite System (GNSS) severely affect the positioning and navigation services (ref. [13], and references therein).



The negative or positive ionospheric storm-time variations are also documented during different phases of geomagnetic storms. The dayside dominant PPEF shifts the equatorial ionization anomaly (EIA) crests to higher latitude; conversely, DDEF or prompt electric field under over-shielding conditions ceases the fountain effect due to downward drifts [26,27,28]. Moreover, positive storm effect at equatorial and negative ionospheric disturbances at low-mid latitudes are also attributed to the variations in thermospheric O/N2 [29,30]. Enhanced particle precipitation at polar latitudes due to auroral heating creates a pressure gradient from pole to equator with a neutral density uplift [31].



Recent studies have incorporated multi-instrument observations to analyze the ionospheric irregularities induced by geomagnetic storms. The use of ground- and space-based observables can cross-validate the results from various atmospheric layers [13,21,32]. In addition, electron density measurements of F-layer, assimilation of magnetometer data, satellite-derived thermospheric O/N2 and the neutral wind observations from Fabry–Perot interferometers (FPIs) have enabled to study the ionospheric–thermospheric coupling in detail [33,34].



Longitudinal variations in ionospheric irregularities during geomagnetic storms have been reported as east–west dissimilarity in the American sector [12,35] triggered by PPEF and DDEF dominance over the eastern and western coast of America, respectively [36]. Moreover, the small angles between the sunset terminator and magnetic declination could increase the ESF development, whereas perfect alignment between the two could reduce the ESF occurrences [37]. Also, the huge difference in magnetic declination of the eastern and western coasts of America is suggested to be a plausible reason for the contrasting longitudinal response [38]. Carmo et al. [21] observed a direct relation of post-sunrise plasma bubbles to the delay in the development of the E layer during the March 2015 storm. Tariq et al. [30] reported a contrasting ionosphere response from east to west during the April 2023 storm in the Asian sector.



The effects of each geomagnetic storm are discrete due to the coexistence of complex physical mechanisms such as particle deposition, precipitation, high latitude heating, penetration electric fields, disturbance dynamo currents, neutral winds, and thermospheric density variations [29]. Similarly, the storm impacts on the ionosphere vary from small-scale disturbances (EPBs) to large-scale variations, which affect the satellites’ health, GNSS positioning and navigation accuracy, and high-frequency communication. Foregoing in view, it is vital to build a strong understanding of the ionospheric response to distinct geomagnetic storms. Further, several key factors, including the strength of geomagnetic storms, solar flux levels, season and local time of occurrence, geographical location, and the changes in interplanetary electromagnetic field components, impact the ionosphere differently. Therefore, a simultaneous observation of the independent and dependent parameters is of key significance utilizing the multi-instrument observables. The strong longitudinal ionospheric variations in the American sector during geomagnetic storms, as discussed earlier, need further analysis in addition to the conjugate Asian longitude sector.



Solar cycle 25 is expected to reach peak levels earlier than estimated at the beginning of the cycle [26]. Severe geomagnetic storms have already been reported in the ascending phase of the solar cycle, causing significant ionospheric disturbances. As solar activity is on the rise, more intense geomagnetic storms are expected. Hence, a detailed understating of ionospheric variations helps researchers to make predictions for the rest of the solar cycle. Recent studies have reported results from February and April 2023 events [13,26,30,33,39]. Oyama et al. [40] investigated the thermospheric winds in the European sector and Rajana et al. [26] reported the ionospheric response over the Indian longitude sector during the March 2023 storm, respectively. To our understanding, the analysis results of the ionospheric response in the American and East Asian sectors during the March 2023 storm have not been reported before. Hence, this study analyzes the ionospheric irregularity and disturbances in the American and Asian sectors during the March 2023 geomagnetic storm using multi-instrument data. The subsequent sections introduce data and analysis method, results from multi-instrument data, plausible explanation of the observed variations, and concluding remarks.




2. Data and Methods


2.1. Space Weather Indices


Geomagnetic storms are categorized by the variations in interplanetary magnetic and electric field components (IMF-Bz and Ey), SYM-H, and the geomagnetic Kp index. The auroral electrojet (AE) index describes the auroral latitude disturbances, while ASY-H signifies the partial ring current intensity as well as high latitude disturbances. Space weather parameters are widely used in research to determine the strength, duration, and phases of a geomagnetic storm. For this work, a 1 min averaged IMF-Bz, Ey, AE, and ASY-H data along with a 3 hourly Kp index were utilized. The data have been acquired from OMNI Web (https://omniweb.gsfc.nasa.gov/, accessed on 8 January 2024), SuperMag (https://supermag.jhuapl.edu/, accessed on 20 February 2024), and World Data Center (WDC) for Geomagnetism, Kyoto (https://wdc.kugi.kyoto-u.ac.jp/, accessed on 8 January 2024), respectively.




2.2. Ionospheric Data


The GNSS observations from 15 stations located in the American and Asian sectors have been acquired from the International GNSS service (IGS) (https://cddis.nasa.gov/archive/gnss/data/, accessed on 10 February 2024). The location of the IGS receivers is presented in Figure 1. The Slant and Vertical Total Electron Content (STEC) and (VTEC or simply TEC) data have been processed from the GNSS observation and navigation files following the method proposed by Seemala and Valladares [41]. The algorithm developed by Seemala and Vallarades is a generally accepted and recognized method for TEC calculation [42]. TEC data have a temporal resolution of 1 min. The average TEC of five quietest days of the month (TECavg), as suggested by the GFZ German Research Centre (https://isdc.gfz-potsdam.de/kp-index/, accessed on 10 February 2024), has been taken as a reference and the deviation from quiet time response (dTEC) has been calculated by subtracting the TECavg from storm-time TEC. Pi et al. [43] proposed the rate of TEC change index (ROTI) to identify the ionospheric irregularities. The rate of change of STEC is defined as ROT, whereas the standard deviation of ROT is known as ROTI [44]. ROTI signifies the ionospheric phase scintillation and is used for the detection of irregularities.


  R O T =   S T E  C k i  − S T E  C  k − 1  i     t k  −  t  k − 1      



(1)




where    t k    refers to a specific time and  i  denotes the GNSS satellite. The time interval between consecutive observations is 15 and 30 s for different GNSS station data used in this study. Hence, the unit of ROT and ROTI is TECU/min. The satellites below 30° elevation angle are neglected to avoid multipath errors.


  R O T I =   〈 R O  T 2  〉 −   〈 R O T 〉  2     



(2)




where brackets denote the ROTI calculated over a 5 min running mean. Moreover, the final ROTI values have been normalized to 0–1 for better presentation. Various studies have discussed the threshold of ROTI values in order to be categorized as strong or weak [45,46,47]. In this work, ROTI values from 0.25 to 0.5, 0.5 to 0.8, and above 0.8 have been considered as weak, moderate, and strong phase fluctuations, respectively.



Furthermore, the ROTI maps computed as a result of data contribution by GNSS networks all over the world have been incorporated in this research (https://stdb2.isee.nagoya-u.ac.jp/GPS/GPS-TEC/, accessed on 10 January 2024). Shinbori et al. [48] reported that over 9000 stations contributed data to this network as of 2020.



The ionograms for six stations in the American and Asian sectors (Figure 1) have been obtained from the INPE Embrace network of Brazil (https://www2.inpe.br/climaespacial/portal/en/, accessed on 25 January 2024) and Chinese Meridian Project (https://data.meridianproject.ac.cn/, accessed on 15 February 2024), respectively. The ionograms are presented to identify the range spread-F, whereas the peak ionospheric height (hmF2) is scaled to understand the vertical plasma motion. For all the ionosonde stations under study, ionograms have been manually scaled using SAO explorer version 3.6.1 [49]. The sounding cadence of ionosondes is 10 min, except for Fuke (5 min). The quiet time hmF2 has been calculated by averaging manually scaled data of ten days for five prior and five after days of the geomagnetic storm (23–24 March).



Swarm mission provides electron density (Ne) profiles obtained by the Langmuir probes onboard each Swarm satellite (A, B, and C). Swarm A and C orbit at an altitude of ~450–470 km, while Swarm B has an orbital altitude of ~500–530 km, respectively. Swarm A and C are identical satellites with a longitudinal separation of only 1.4°. In this study, latitudinal Ne profiles over the American sector (~40°–90°W) and over the Asian sector (~65°–130°E) have been obtained to investigate the ionospheric variations and plasma depletions during the storm [50]. The Swarm satellite data are obtained from the VirEs platform (https://vires.services/, accessed on 20 January 2024).



The Formosat-7/COSMIC-2 (F7/C2) six-satellite mission, at an orbital altitude of ~550 km, has the capacity to provide more than 5000 radio occultation (RO) profiles per day [51]. The Tri-GNSS radio occultation system (TGRS) receives RO profiles in low to mid latitudes. F7/C2 reached the final orbits in 2021 after being launched in 2019. The amplitude scintillation index (S4) data in the L1 band of Global Positioning System (GPS) satellites onboard F7/C2 has been assimilated to investigate the ionospheric irregularity effects.


  S 4 =     〈  I 2  〉 −   〈 I 〉  2      〈 I 〉  2       



(3)




where  I  denotes the signal intensity, and the angle brackets refer to the 1 min average. The F7/C2 daily RO profiles can be obtained from the Taiwan Analysis Center for COSMIC (TACC) website (https://tacc.cwa.gov.tw/v2/, accessed on 20 January 2024) as a level-1 scn1c2 product. The mission’s data, in its early stages, has been used to study ionospheric effects as well as the EPB signatures through S4 profiles [39,52,53].




2.3. E Region Electric Field Data


In order to explore the response of the ionospheric E region, magnetic field horizontal component (H) data (  H =    X 2  +  Y 2     ) have been retrieved from the INTERMAGNET network (https://intermagnet.org/, accessed on 25 January 2024). The H-component is the magnitude of the north (X) and east (Y) components of the Earth’s magnetic field. The intensity of eastward currents around the magnetic equator at 100–120 km altitude can be estimated by the equatorial electrojet (  E E J  ). The equatorial electrojet can be obtained by subtracting the magnetic fields of an off-equatorial station (   H  o f f − e q    ) from an equatorial station (   H  e q    ) at the same longitude [54,55].


  E E J ( n T ) =  H  e q   −  H  o f f − e q    



(4)







In Equation (4), equatorial and off-equatorial stations for the American sector refer to TTB and KOU, whereas DLT and PHU are for the Asian region, respectively, as shown in Figure 1. The quiet-time EEJ has been calculated by taking the average of five quietest days of the month. Further, the disturbed ionospheric currents (   D  i o n o    ) at the equatorial latitudes during geomagnetic storms can be analyzed by subtracting the background magnetic field, solar quiet current (   S R   ), magnetic field baseline (   H o   ), and ring currents (   D M   ) [34,56].


   D  i o n o   = H −  S R  −  H o  −  D M   



(5)







The disturbance dynamo currents can be further broken down to obtain the intensity of prompt electric fields (DP2) and disturbance electric fields (Ddyn) at low latitude E region (DP2 + Ddyn = Diono) [3,57]. DP2 refers to the PPEF, and Ddyn is associated with DDEF.



The prompt penetration electric field model (PPEFM) is a real-time transfer function model between interplanetary Ey and the ionospheric equatorial eastward electric field (EEF), which provides penetration EEF as proposed by Manoj and Maus [58]. In addition, the PPEFM assimilates a climatological model based on ground-based and satellite observations for the representation of quiet time variations [59]. The PPEF intensity is provided in 5 min intervals and the model can be accessed at https://geomag.colorado.edu/real-time-model-of-the-ionospheric-electric-fields (accessed on 12 February 2024).




2.4. Thermospheric Data


Global ultraviolet imager (GUVI) onboard the Thermospheric–Ionosphere–Mesosphere Energetics and dynamics (TIMED) satellite observes column integrated oxygen to molecular nitrogen ratio (O/N2) (https://guvitimed.jhuapl.edu/, accessed on 28 February 2024). The daytime O/N2 measurements are assimilated in the research to understand the response of ionospheric F-layer electron density variations. The O/N2 measurements of the quietest day of the month, i.e., 27 March, have been considered as the reference day, and the difference in O/N2 has been obtained by subtracting the reference O/N2 from storm-time O/N2.



Fabry–Perot Interferometers (FPIs) located at Millstone Hill and Cachoeira Paulista in the American sector (Figure 1) provide nightly observations in 630 nm channels. The FPI at Millstone Hill can also be configured to 557.7 nm simultaneously. The interferometers measure the thermospheric neutral winds in the north–south (meridional) and east–west (zonal) directions at an elevation angle of 45°. The zenith-pointed meridional and zonal winds are computed by taking a mean of the north, south (over 2.5° latitude), and east, west (over 3.5° longitude) directed vectors, respectively. The data can be accessed from the Madrigal Database (http://cedar.openmadrigal.org/list, accessed on 20 February 2024).





3. Results


3.1. Interplanetary and Geophysical Conditions


The March 2023 geomagnetic storms primarily occurred due to the CME that left the sun on 20 March 2023. Initially, a glancing impact of CME was predicted; however, with the peak disturbance storm-time index (Dst) value reaching as low as −163 nT, this storm was termed as ‘Strong’ by the National Oceanic and Space Administration (NOAA). Figure 2 shows that the IMF-Bz turned southward, marking the commencement of the initial phase of the storm around 0700 UT on 23 March 2023 (DOY 82). The main phase of the storm commenced around 1200 UT, and the IMF-Bz fluctuated between the southward and northward orientations before finally turning southward around 1800 UT. The IMF-Bz reached a minimum value of −16.1 nT at 2300 UT on the same day. During the main phase of the storm (the colored patch in Figure 2), SYM-H, representing the intensity of ring currents, turned negative after a few hours of IMF-Bz at around 1100 UT and reached a negative peak of −164 nT at 0200 UT on 24 March 2023 (DOY 83). Similarly, the Kp index elevated to a maximum value of 8 at 0300 UT, as presented in Figure 2f. The variations in Ey were similar to IMF-Bz in the opposite orientation [60] and attained the peak value of 8.13 mV/m at around 1800 UT on March 23. The AE and ASY-H indices showed noticeable variations in all three storm phases. Both AE and ASY-H reached 1540 nT and 192 nT at 1400 UT on 23 March, and later, around the midnight hour of 24 March, AE showed intensification and fluctuated around 2000 nT. ASY-H also reached 167 nT during the same time. The enhancement in the AE index was also observed during the recovery phase of the storm till around 0800 UT, 24 March.




3.2. Ionospheric Irregularities


3.2.1. American Sector


The presence and evolution of post-sunset, midnight, and near-sunrise EPBs are frequently investigated by calculating ROTI [46,47,61]. Figure 3 shows that the post-sunset EPBs are observed on pre-storm days, i.e., 22 and 23 March 2023, which possibly depict the presence of seasonal EPBs [62]. However, no near-sunrise EPBs are observed on these days. During the storm’s main phase at the midnight hours of 24 March, the EPBs appeared to be suppressed near the eastern coast (Brazilian region) as compared to the previous days. On the contrary, strong irregularities (ROTI ≥ 0.8 TECU/min) [46,47] are observed near the western coast (Peruvian longitude sector), reaching up to ±28° magnetic latitudes. Further, strong irregularities can be seen during the near-sunrise hours at around 0900 UT on 24 March in the American region, extending up to low-middle to middle latitudes from east to west (Figure 3k). The EPBs are completely absent on 25 March (post-recovery phase). Figure 4 shows the evolution of post-sunset and near-sunset EPBs during the main (early recovery) phase of the storm. Ionospheric irregularities appeared after 2300 UT on 23 March over the Brazilian longitudes, followed by the Peruvian longitudes after midnight hour. At 0200 UT (2100 LT), when Dst reached its minimum value, the irregularity moved polewards near the western coast (~80°W). Similarly, strong ROTI values are recorded during the pre-sunrise hours, particularly over the western longitudes moving towards higher latitudes at around 1000 UT (0500 LT, Peru time). In addition, ionospheric irregularities are observed even after the sunrise hours, as shown in Figure 4h.



Figure 5 shows the range spread-F observed by the Fortaleza, Sao Luis, Belem, Campo Grande, and Boa Vista (38°–60°W) ionospheric sounders during the post-sunset (top panels) and near-sunrise (bottom panels) hours, respectively. Unfortunately, ionosonde data of the Jicamarca station (11.97°S, 76.93°W) located in the western longitudes were not available during the storm main and recovery phases (source: http://lisn.igp.gob.pe/, accessed on 23 February 2024). The post-sunset and near-sunrise spread-F is more intense at the equatorial stations located on the eastern longitudes (Fortaleza and Sao Luis). At Belem, weak spread-F is observed, although spread-F is present during both time intervals. It may be noticed that the spread-F is only observed over Campo Grande at sunrise hours. During the nighttime, spread-F is absent at the low-middle latitude station of Campo Grande. The results complement the observations of ROTI maps (Figure 3 and Figure 4), where the post-sunset/nighttime EPBs were relatively suppressed at the corresponding longitudes, particularly at the low-middle latitudes.




3.2.2. Asian Sector


In order to investigate the ionospheric irregularity in the Asian sector, the GNSS-derived ROTI over equatorial to low-middle latitudes are presented in Figure 6. Figure 6a refers to different latitude GNSS stations over the Indian longitude sector, whereas Figure 6b denotes the East Asian longitude sector. Moderate to strong ROTI variations were observed on quiet days at IISC (dip equator) and HYDE (EIA crest) and persisted till midnight/post-midnight hours. However, moderate ionospheric irregularities (ROTI ≥ 0.5) lasted only a couple of hours during the main phase of the storm (1400–1600 UT, 1700–1900 LT). Post-sunset ROTI values at the LCK4 station, located outside the northern crest of the EIA region, remained at background levels during both quiet and storm periods. At all three stations, the values stayed insignificant (ROTI < 0.1 TECU/min) during the post-sunset hours of the storm recovery day, consistent with Rajana et al. [26]. In the East Asian longitude sector, ionospheric irregularities remained at minimum levels before the storm’s onset, as seen in Figure 6b. Nevertheless, ROTI enhanced to strong levels (over 0.8 TECU/min) during the post-sunset period of the storm’s main phase. The onset of the main phase of the storm occurred around the local sunset hours at 110°–120°E longitude. The variations in ROTI lasted for 4 to 5 h within the EIA latitudes, and the irregularities are more pronounced at near equatorial stations (PTAG). The inhibition of the EPBs is observed during the storm recovery phase with nominal ROTI levels like the Indian longitude stations. Likewise, no significant post-sunset ROTI variations are observed outside the EIA region (TWTF).





3.3. Topside Plasma Density Fluctuations


3.3.1. American Sector


During the March 2023 geomagnetic storm, Swarm A and B satellites covered the American region in the post-sunset/midnight and morning hours. The availability of satellite-derived plasma profiles at this duration provides an opportunity to recognize the presence of ionospheric irregularities. Figure 7 presents the in situ plasma density (Ne) profiles over the American longitudes (45°–85°W) during the nighttime (top panels) and morning hours (bottom panels) on 23–24 March 2023. It can be noticed that during the night hours (~2300 LT), weak plasma fluctuations are observed over the eastern longitudes (~60°W), Figure 7b. Over the western longitudes (~80°W), the observed plasma density fluctuations were initially weak at around 2000 LT but became much more intense (reaching up to ±30° magnetic latitudes) at around 2300 LT, as shown in Figure 7c,d. The intense depletions over the western longitudes, as shown in Figure 7d, represent the presence of EPBs up to higher latitudes [63], as also depicted by ROTI maps. Furthermore, during the morning hours, weak to moderate plasma depletions can be seen in spite of the fact that the Swarm satellites covered the American sector at least 2 h after sunrise. Figure 7g shows that the Ne fluctuations could be seen even ~4 h after sunrise. A double peak structure, at around ±20° magnetic latitudes, is observed for post-sunset plasma density profiles. The findings of satellite-derived plasma densities are consistent with the observation of ROTI maps (Figure 4). The quick fluctuations and depletions in plasma density, particularly at the geomagnetic conjugate latitudes simultaneously, are considered a distinctive signature of EPBs [13,63].




3.3.2. Asian Sector


Similar to the American sector, the Swarm A satellite flew over the Asian sector during the post-sunset hours from 22 to 24 March 2023. Figure 8 (top panel) presents the Ne variations in the Indian sector at around ~2000–2100 LT. Ne fluctuations are observed on 22 March (a day before the storm) with a double peak structure at around 14–15° geomagnetic conjugate latitudes. Conversely, a single peak was observed at about the same time on 23 March (main phase), along with weak plasma depletions, as shown in Figure 8c. The plasma density values were observed to be very low during the recovery phase with the absence of a double peak EIA structure. Similar results are obtained by Rajana et al. [26] using level 2 Swarm TEC data. In the East Asian longitudes, rapid plasma fluctuations can be seen at the conjugate EIA crest latitudes during the main phase in contrast to the insignificant fluctuations on 22 March, as shown in Figure 8f,g. Moreover, the double peak structure disappeared with strong plasma depletions (peak ΔNe ~ 15 × 105 el/cm3) on 24 March (storm recovery day), indicating the influence of downward ExB drifts.





3.4. GNSS-Derived TEC Disturbances


3.4.1. American Sector


TEC variations in the American sector have been investigated by employing six low latitude stations (Figure 9a,c) and three low-middle/beyond EIA crest latitude stations (Figure 9b,d) spread over different longitudes. During the initial phase of the storm (~0700–1200 UT) on 23 March, no TEC variations are observed at all the stations. At the onset of the main phase of the storm (~1300 UT), positive enhancement is observed at stations located over ±20° magnetic latitude (RDSD, CORD, and SANT). Moreover, low latitude stations exhibited negative dTEC at around local noon. Later, at around ~2200–2300 UT on 23 March, all stations showed positive enhancements. The enhancement took place at the time of sunset over the eastern longitude (~38°–48°W) stations. The maximum enhancement of about ~30 and ~45 TECU is observed at the station just inside the northern EIA crest (BOGT) and the stations just outside the southern EIA crest (CORD and SANT) at around 2300 UT, respectively. Moreover, sudden TEC depletions can be seen at all equatorial and low latitude stations around the midnight UT hours on 24 March, which persisted for several hours. The depletion is more pronounced over the western longitudes, with a maximum difference at the QUI3 station (~−50 TECU). During the night of 23–24 March, fluctuations in TEC were observed at all the stations. At around the local sunrise on 24 March, no TEC variations were observed. On 24 March, negative TEC variations were recorded at all the stations throughout the day, marking the presence of a negative ionospheric storm effect.




3.4.2. Asian Sector


To understand the TEC disturbances in the Asian sector, GNSS-derived TEC has been presented for the Indian longitude sector and East Asian sector in Figure 10a,c, and Figure 10b,d, respectively. The TEC and dTEC are presented for dip-equatorial, low latitude (within EIA), and low-middle latitude (above northern EIA crest) stations from top to bottom in the respective panels. No significant TEC variations are observed during the initial and early main phase (0700 UT–1400 UT, 23 March) of the storm over the Indian stations, as shown in Figure 10a,c. An increase of ~15 TECU is seen at the equatorial station (IISC) around 2100 LT (UT + 5), followed by a TEC depletion of ~20–22 TECU over the equatorial and low latitude stations (IISC and HYDE) at the local midnight on 24 March (2000 UT, 23 March). The LCK4 station, located beyond the EIA crest, did not observe any TEC changes during the aforementioned period. An enhanced TEC is observed after midnight UT hours on 23–24 March, mainly at the low latitude stations, with slight enhancement over the higher latitude station, LCK4. Moreover, the positive TEC persisted till 1000 UT on 24 March over the equatorial station. On 24 March, negative TEC variations transferred from north to south, initiating at 0500 UT, 0800 UT, and 1000 UT over LCK4, HYDE, and IISC, respectively. Similarly, the reduction in TEC was more pronounced at LCK4 with peak depletion of ~60 TECU at 0900 UT, followed by HYDE (~55 TECU) at 1100 UT and IISC (~20 TECU) at 1200 UT. Overall, TEC remained depleted throughout the UT day of 24 March [26].



In the East Asian sector, the daytime TEC values remained enhanced during the pre-storm period at HKSL and TWTF; however, a depletion was observed during the initial phase of the storm, as shown in Figure 10b,d. TEC fluctuations, centered at the background levels, are observed during the main phase at all three stations, with slight positive variations at HKSL and TWTF. During the early hours of 24 March, an increase in TEC is seen at the dip-equatorial station, PTAG, and later at 0400 UT–0700 UT, respectively. A negative ionospheric storm was seen on 24 March, and the reductions commenced over the higher latitude station, TWTF, at around 0700 LT (UT + 8) on 24 March. Moreover, two troughs can be noticed at all three stations on 24 March (one each in the afternoon and post-sunset hours), with disturbances appearing to move from beyond EIA to the dip equator.





3.5. Variations in Ionospheric Heights


3.5.1. American Sector


The ionospheric real heights (hmF2) over the American sector during the March 2023 geomagnetic storm are shown in Figure 11. From top to bottom, the manually scaled hmF2 of the ionosondes located from 38° to 60°W is presented. The hmF2 values remained near background levels during the initial and early main phases at all the stations. Significant enhancements are observed at the near dip-equatorial/low latitude stations, Sao Luis (~1700–2000 UT), Belem (~1800–2100 UT), and Boa Vista (~1900–2200 UT) with peak ΔhmF2 of ~120 km, ~110 km, and ~80 km, respectively. Since the geomagnetic latitude of Sao Luis, Belem, and Boa Vista is 5.6°, 7.0°N, and 11.8°N, respectively, the ΔhmF2 peak moved northwest during the above-mentioned hmF2 increase. A slight increase in hmF2 can be seen at Fortaleza (dip-equatorial station) and at Campo Grande (southern hemisphere low latitude station) almost two hours before sunset. After sunset on 23 March, the three stations located in the eastern longitudes exhibited an increase in hmF2. The gray dashed line suggests the presence of quiet time evening PRE at all the stations except Campo Grande, with hmF2 reaching over 500–550 km. However, the hmF2 elevated to more than 600 km over Sao Luis and Belem within ~2 h of the sunset on 23 March. At Boa Vista, the increased rate of evening vertical plasma drift was less than the quiet time observations (2200–2300 UT), though a significant increase was observed till sunset. No noticeable increase in hmF2 was observed at Campo Grande during both quiet and disturbed periods. Over the western longitudes, hmF2 increased during the post-midnight hours, particularly at Campo Grande, where the positive trend persisted during the night and experienced a peak rise (ΔhmF2 ~ 175 km) prior to the occurrence of EPBs. It is important to note that the upward motion of plasma (sudden hmF2 rise) around sunrise was not observed during the quiet days. The hmF2 was uplifted ~150–160 km at the Fortaleza and Sao Luis at near-sunrise hours. On 24 March, hmF2 values mostly remained lower than the quiet time average.




3.5.2. Asian Sector


Figure 12 shows the hmF2 variations at the low latitude East Asian station located within the EIA region. On 23 March, at the start of the storm’s main phase (1200 UT), the observation of upward plasma drift suggests the presence of evening PRE; however, an almost similar drift was observed in quiet time values. The hmF2 slightly enhanced from 1700–1900 UT around ~30 km and later experienced a strong rise to 417 km at 2125 UT. The observation at the near-sunrise hours (2100–2300 UT) suggests a presence of prominent upward plasma drift. Negative hmF2 fluctuations were noticed throughout the daytime on a storm recovery day; however, a pronounced increase was exhibited during the night hours.






4. Discussion


4.1. On the Enhancement/Suppression of Ionospheric Irregularities


The geomagnetic storm under this study occurred during the equinox season at the ascending phase of the solar cycle 25. The occurrence rate of the EPBs peaks during the solar maximum, with higher occurrence in the East Asian and American sectors [14,15,16]. The evening PRE of the upward plasma drift is increased during the high solar activity periods [64], and increases the R-T instability growth rate, causing EPB generation ([14,65], and references therein). Furthermore, the EPB generation may be increased or suppressed during the geomagnetic storms due to the impact of electric fields on upward plasma drift at sunset and sunrise hours [12].



In the current case, quiet time increase in hmF2 (vertical plasma drift) at post-sunset hours (Figure 11) and the pre-storm EPBs (Figure 3) has been observed. During the storm main phase, the development of post-sunset EPBs over the eastern coast of America (40°–45°W) and the inhibition/suppression at ~60°W (Figure 4b) suggests the respective dominance of PPEF and DDEF. The enhancement in hmF2 over the eastern longitudes (Figure 11a–c) could be due to the presence of a disturbed eastward electric field, whereas the slight decrease in PRE amplitude at Boa Vista (Figure 11d) can be explained by the DDEF influence. It can be noticed that the sunset at the sector began after ~4 h of the second southward turning of IMF-BZ and AE intensification (Figure 2b,d); therefore, the presence of both PPEF and DDEF is expected. Figure 13 suggests that the equatorial electrojet is enhanced from 1700 to 2030 UT on 23 March at ~48°W longitude. The Diono turned negative afterward, indicating the presence of westward DDEF. Thus, the longitudinal difference in EPB development within ~20° longitude is observed owing to the coexistence of PPEF and DDEF [7], which created a balance of electric fields [35]. Further, after sunset, the EPBs presence is restricted to the equatorial latitudes in the eastern sector (~40°–60°W) in contrast to the pre-storm days. The post-sunset suppression could be attributed to the DDEF effect under the presence of southward IMF-Bz [12]. Sobral et al. [17], in a climatological study over the Brazilian low latitude, reported the suppression of post-sunset EPBs due to DDEF when the geomagnetic activity increased ~4 h preceding the sunset.



Over the western American longitudes (~75°–80°W), post-sunset EPBs developed after 00 UT on 24 March (post-sunset) and moved to ±30° magnetic latitude at around 2100 LT (UT−5), as observed by ROTI maps (Figure 4c,d) and Swarm profiles (Figure 7d). The formation of post-sunset EPBs may be explained by the variations in the eastward electric field, as noticed in Figure 13d. Equatorial EEF exhibited positive fluctuations till near-sunset hours, which may have contributed to the uplift of PRE. Several studies have reported that the eastward PPEF superimposed on PRE is responsible for the increased R-T instability growth rate, which causes strong post-sunset EPBs during geomagnetic storms [13,32,66]. It is relevant to mention that Sreeja et al. [67] and Uemoto et al. [68] studied the relation between pre-sunset EEJ, post-sunset PRE, and EPB development, and it suggested a strong correlation between E and F region dynamics. Here, it is assumed that the DDEF effect is insignificant/absent around the sunset over the western longitudes.



Abdu [12] and Santos et al. [35] have also suggested notable dissimilarity in responses to the storm-induced electric fields within 30° longitude in the American sector. This difference could be due to the varying degrees of PPEF and DDEF dominance over the eastern and western coasts of America [36]. Furthermore, there is a significant difference in the magnetic declination of eastern and western longitudes, and it is another possible reason for the contrasting longitudinal response as proposed by Abdu et al. [38]. Additionally, the poleward extension of EPBs at ~2100 LT can be associated with nighttime eastward DDEF. This explanation is backed by the findings of Abdu [12], who observed the commencement of DDEF eastward polarity around ~2100–2200 LT followed by a hmF2 rise and EPB development at Jicamarca (76°W). The author further explained that the nighttime EPB development due to eastward DDEF could persist till dawn.



Figure 3k demonstrates the presence of near-sunrise ionospheric irregularities that are not observed during the quiet days. Furthermore, the results of ROTI maps (Figure 4e–h), ionograms (Figure 5), and Swarm profiles (Figure 7f–h) suggest the presence of EPBs before sunrise, which persisted even after ~4 h of the sunrise during the storm recovery phase. Under the influence of southward IMF-Bz and enhanced AE during the night hours till ~0800 UT in the morning, the electric field effect may have increased due to the enhanced auroral activity [69,70]. Due to the auroral heating, disturbed equatorward neutral winds cause low latitude DDEF during the late main/early recovery phase of the geomagnetic storm [9,10,31,71]. Significant uplifting of ionospheric hmF2 is noticed at Fortaleza, Sao Luis, and Campo Grande before sunrise and post-midnight at Campo Grande and Boa Vista (Figure 11) on 24 March, which could be associated with the nighttime eastward DDEF [72]. The presence of the prevailing DDEF effect can be confirmed from Figure 13c, as the post-midnight EEJ on 24 March shows enhancements. Similar to the sunset terminator, the rapid increase in vertical plasma during the night and pre-sunrise hours can increase the R-T instability growth rate for EPB generation [21].



Figure 14 illustrates the FPI-driven neutral wind variations over the eastern and western longitude stations in the American sector. The northward disturbances in the meridional wind at the Cachoeira Paulista are observed from ~0300 to 0400 UT and ~0600 to 0700 UT, with a corresponding increase in hmF2 at the same latitude station, Sao Luis. It may be noted that the magnetic latitude of Cachoeira Paulista is 14.20°S; the northward wind refers to the geomagnetically equatorward wind [18]. Further, the exhibition of equatorward meridional wind [73] at mid-latitude station Millstone Hill with two peaks of ~−150 m/s shows the presence of DDEF at both longitudes. The findings are in agreement with previous studies on the triggering of EPBs due to equatorward meridional winds in the American sector [18,21]. It is previously reported that the northward component of meridional wind causes a stabilizing influence on R-T instability by creating a positive latitudinal slope [74,75].



As depicted by Figure 14, the zonal component of horizontal winds exhibited negative variations throughout the night, representing westward drift. The middle latitude westward transition of neutral wind due to the Coriolis force effect is well known [9]. Oyama et al. [40] also observed strong westward zonal winds at the polar latitudes during the same March 2023 storm. A recent statistical study confirmed a strong correlation between westward winds and the development of EPBs [76]. Further, Loutfi et al. [77] and Malki et al. [78] revealed that the equatorward wind varies between 100 and 200 m/s during the geomagnetic storms at a middle latitude with a time lag in reaching disturbance from middle to low latitudes [79]. The exact time of triggering of R-T instability over the western longitudes (~70°–80°W) is difficult to determine due to the unavailability of hmF2 and neutral winds data at low latitudes.



In the Asian sector, a post-sunset increase in ROTI lasted for only around two hours in the Indian sector, while it could be seen for five to six hours in the East Asian sector. ROTI values and swarm plasma density profiles during the quiet days indicate the presence of seasonal irregularities in the Indian sector; however, the existence could not be confirmed in the East Asian sector as the ROTI remained at background level on 22 March, as seen in Figure 6. The hmF2 rise at the sunset hours at Fuke (Figure 12) during both quiet and disturbed periods may indicate the presence of a moderate seasonal PRE. The inhibition of the EPBs in the Indian sector around ~1530–1600 UT could be associated with the fluctuations in westward PPEF (Figure 6a). Figure 15a demonstrates that the eastward electric field, after turning westward at ~1430 UT (1930 LT), showed fluctuations after ~1545 UT. The single peak structure observed by Swarm at 1530–1600 UT on 23 March also confirms the downward motion of hmF2 (downward ExB drifts), as seen in Figure 8. The results are consistent with Rajana et al. [26]. Similarly, significant westward PPEF disturbances initiated after 1600 UT in the East Asian sector became the reason for irregularity suppression/inhibition (Figure 15b). In addition, the IMF-Bz showed continuous southward/northward fluctuations from 1300 UT onwards with intense AE (substorm) [80], hence, the periodic presence of over-shielding prompt electric fields (PEF) at sunset hours (Indian sector) already suppressed the irregularities [81]. By the time substorms occurred in the East Asian sector, over-shielding PEF already turned eastward, so, PEF effects are only expected over the western longitudes.



Huang [71] and Timoçin et al. [82] suggest that the suppression of ionospheric irregularities during the recovery phase is either due to DDEF or over-shielding PEF. In this case, the suppression/inhibition of post-sunset EPBs in the American and Asian longitude during the recovery day could be attributed to DDEF generated by disturbed neutral wind, as indicated by reduced EEJ. The presence of PEF is ruled out as no intensification in AE is seen after ~0700 UT on 24 March, and IMF-Bz also remained at near zero levels.




4.2. On the TEC Response


The American sector, being mainly on the night side during the initial phase, did not vary due to low background TEC [30]. No initial phase TEC enhancements in the Indian sector despite the daytime under southward IMF-Bz could be associated with the insignificant storm impact on the bottom-side ionosphere as compared to the topside, as suggested by Lei et al. [83]. A recent study on the March 2023 geomagnetic storm in the Indian sector discussed the possibility of an increase or recovery of ionization in the ionosphere for unvaried TEC (ref. [26], and references therein). On the other hand, minor negative TEC is observed at the stations located along ~121°E during the early hours of the initial phase. To the authors’ knowledge, the TEC decrease could have been associated with the reduction in EEJ to ~−10 nT just before the southward turning of IMF-Bz. The EEJ negative excursion is followed by a downward motion of hmF2 within ~50 km from ~0700 to 0800 UT on 23 March. Since the EEJ reduction began before the southward turning of IMF-Bz, the decay may possibly be associated with a rise in solar wind velocity around ~0600 UT up to ~30 km/s. Zhang et al. [84] found a positive correlation between abrupt change in solar wind velocity and EEJ under stable IMF-Bz with a response time of 20–40 min. Moreover, the authors mentioned that the role of IMF-Bz orientation cannot be neglected even if the variations in Bz are quite small within ~5 nT. The IMF-Bz mainly remained slightly northward between 0600 and 0700 UT; therefore, an EEJ reduction was observed despite the increase in wind velocity. Furthermore, the depletion in TEC observed during 1000–1600 UT could be attributed to the presence of post-sunset plasma bubbles, which were also observed in Swarm Ne density profiles and ROTI fluctuations.



During the main phase in the American sector, perturbations in EEJ from ~1200 to 1700 UT suggest that the EIA crest enhanced due to the presence of eastward electric fields, while the abrupt reduction in EEJ caused negative dTEC at low latitudes, as shown in Figure 13c,d. Since the westward EEJ lasted for brief periods, the negative storm could not move to higher latitudes. Fluctuations in EEJ occurred due to the rapid southward/northward shifting of IMF-Bz under intense AE from ~1200 to 1700 UT. The under-shielding electric field is balanced or even becomes recessive when IMF-Bz turns northward. The prevailing over-shielding electric field dominates the PPEF, forcing a downward plasma motion due to westward PEF [4,85]. Positive dTEC prevailed during the afternoon hours on 23 March, peaking around the local sunset at all the stations in the American sector. The variations are aligned with the EEJ magnitudes and PPEF fluctuations at 48°W and 75°W, respectively. Moreover, the rise in hmF2 corresponds well to the electrodynamics at the E region. The increase in TEC beyond the EIA crest latitudes manifests the extension of the EIA crest due to a strong fountain effect [27,28]. Also, during the sunset hours, TEC appears to be more pronounced at ~40°W and 70°–80°W at the equatorial latitudes, depicting the weak PRE at in-between longitudes. The observation is consonant with the observed ROTI.



The main phase coincides with dusk/nighttime hours in the Asian sector, and no prominent TEC variations observed in the East Asian sector are associated with the low background TEC except the depletions at dusk due to irregularities. Variations are more prominent in the Indian sector as the main phase commenced at the pre-sunset hours. The increase in TEC at IISC at sunset hours (~1400 UT) on 23 March represents the pre-reversal enhancement. This increase precedes the TEC decrement at IISC and HYDE owing to the perturbations in westward PPEF (Figure 15a) around ~2000 UT on 23 March.



The early UT hours of 24 March refer to the post-sunset time in the American sector, and the significant TEC depletion during the pre-midnight/midnight hours indicates the presence of ionospheric irregularities. EPBs are small-scale structures and may drift across the line of sight of the satellite and receiver, causing depletion in TEC [86]. However, no significant variations at the sunrise hours at the low latitude are possibly due to the low background values [13]. The nighttime TEC is increased at the beyond EIA crest stations located along ~65°–70°W longitudes. Due to the LT time difference in the Asian region, the early UT hours of 24 March witnessed an enhancement in TEC at the low latitude stations. The positive variation in the recovery phase could be attributed to the near-sunrise upward plasma drift under the influence of disturbance electric fields. Vertical plasma drift can be seen by hmF2 rise at Fuke at ~0600 LT on 24 March (Figure 12).



On 24 March, negative daytime TEC variations are recorded in the American and Asian sectors throughout the day, marking the presence of a negative ionospheric storm effect. Furthermore, the negative disturbances moved from beyond EIA to dip-equatorial latitude station in the Asian sector, showing the presence of daytime westward DDEF [26]. A significant reduction in EEJ strength during the local daytime in America (Figure 13c) and Asia (Figure 15c) confirms the influence of DDEF [85]. Figure 16 presents the GUVI/TIMED derived thermospheric composition (O/N2) on 24 March and the difference from quiet day variations at ~1630 LT globally. Although northern hemispheric data are not available, it can be seen that the equatorial latitude in the American and Asian sectors show enhancements ~0.2–0.5, while the low-middle latitude in the southern hemisphere demonstrates relatively lower values. Positive TEC variations in the Asian sector during the morning hours on 24 March could also be explained by increased atomic oxygen. However, it is proposed that a dominant role is played by DDEF in all regions.




4.3. On the Amplitude Scintillation


F7/C2 global RO profiles provide the S4 index within ±40° latitudes. Figure 17 illustrates the occurrence percentage of S4 ≥ 0.5 within 150 km to 550 km altitude. The binning of data were performed as the ionospheric F-layer is present within this altitude. The F-layer constitutes a major portion of the ionosphere, whereas the sporadic-E (Es) layer accounts for irregular disturbances at 90–130 km; for that reason, low altitude anomalies are removed [39]. Chen et al. [52], in a climatology study of F7/C2 derived S4, reported that the percent occurrence of S4 over 0.5 is well correlated with the presence of EPBs in the F-layer peak.



Focusing on the different periods of EPB occurrence during the storm and by considering 22 March as a quiet day, S4 variations at different altitudes are discussed. The percentage of S4 ≥ 0.5 showed a significant increase from 1000 UT to 1500 UT, especially from 250 to 450 km altitude on 23 March, compared to the quiet day. This time period corresponds to the sunset/post-sunset period in the Asian region during the early phases of the storm. The uplift of the strong scintillation might be due to the presence of post-sunset EPBs in East Asia that were not seen on 22 March. The decrease in occurrence from 1700 UT onwards probably corresponds to the suppression of EPBs in the Asian sector, as discussed above. At sunset time in America, i.e., 2100 UT and onwards on 23 March, the S4 ≥ 0.5 first showed decrement and later (0200 UT, 24 March onwards) increased at all altitudes. The number exhibited a notable enhancement from the post-midnight to post-sunrise periods (1300 UT) in the American sector as compared to the reference day. The number reduced significantly during the recovery period on 24 March. The above analysis not only explains the strong amplitude scintillation caused by EPBs but also a strong correlation between the irregularity occurrence and F7/C2 driven S4 ≥ 0.5 percentage [39,52,53]. There could be a possibility of irregularity occurrence at the longitudes not covered in this study; nevertheless, that contribution may be insignificant during the sunset/sunrise hours at longitudinally conjugate Asian and American sectors (covered in this study).



The irregularity occurrences cause significant ionospheric scintillation due to amplitude (S4) and phase fluctuations (as seen in the ROTI map), adversely affecting satellite signals [24,25]. The amplitude fading during the occurrence of EPBs impacts positioning and navigation, especially during strong geomagnetic storms [13,87]. The strong consistency between S4 ≥ 0.5 percentage occurrence and EPB occurrence rate discussed above suggests a strong impact of storm-induced electric fields on amplitude scintillation. For instance, strong DDEF effects are prevalent on S4 during the recovery/post-recovery phase of the storm, as seen in Figure 17. Similar findings have been reported by Duann et al. [53] regarding the role of storm-time electric fields on S4 scintillation during the loss of SpaceX Starlink satellites. The authors, utilizing the F7/C2 profiles, observed a complete disappearance of strong S4 during the post-storm conditions. Moreover, the rise in the F-layer peak during the storm main phase was positively related to S4 occurrences. A detailed study in this regard will aid in establishing a better understanding of the correlation.





5. Conclusions


Ionospheric irregularities and disturbances during the March 2023 geomagnetic storm have been investigated over the American and Asian sectors in this work by employing multi-instrument observations. The main conclusions are presented as follows:




	
The formation of post-sunset EPBs during the main phase in eastern Brazil (~40°W) and inhibition in western Brazil (~60°W) are associated with the coexistence of PPEF and DDEF and their LT dependence;



	
Enhancement in post-sunset EPBs indicates an absence of westward DDEF on the western coast of America; however, a poleward shift at ~2100 LT suggests the presence of eastward DDEF;



	
The observation of EPBs during near-sunrise to post-sunrise periods in the American sector is associated with the eastward DDEF at the storm recovery phase;



	
In the Indian sector, the suppression of post-sunset irregularities during the main phase is due to the effect of over-shielding PEF followed by the westward turning of PPEF. In the East Asian sector, EPBs persisted for a long time, and this longitudinal difference is due to the LT dependence on storm-induced electric fields;



	
At the initial phase, a decrease in TEC values in the East Asian sector could have been associated with the sudden increase in solar wind velocity. However, no TEC change was observed in the Indian sector;



	
The main phase was on the dayside in the American sector; therefore, a strong fountain effect was observed, reaching beyond EIA crest latitudes. No TEC variations were observed in the Asian sector due to low background TEC values at night, except for some depletions due to EPBs;



	
In the early recovery phase, TEC depletions suggested the presence of EPBs in the American sector. However, on the dayside, TEC in the Asian sector exhibited negative storms except for an increase at equatorial latitudes. This increase at dip-equatorial stations is associated with the ceasing of double peak EIA structure and downward motion of plasma from higher to lower latitudes owing to the strong DDEF. The thermospheric O/N2 change also played a role;



	
The observation of negative ionospheric storms after ~1000 UT on 24 March at both sectors suggests a strong influence of westward DDEF due to disturbed neutral winds. The inhibition of ionospheric irregularity during the recovery phase is due to the same reason;



	
F7/C2 RO profiles show that the amplitude scintillation (S4) ≥ 0.5 is consistent with the EPB occurrence at the F-layer peak.








The use of simultaneous multi-instrument observations has provided an opportunity to assess and cross-validate magnetospheric–ionospheric–thermospheric coupling in detail. Moreover, this study may further contribute to understanding the ionospheric responses under the influence of storm-phase and LT-dependent complex electric fields. As the solar cycle 25 is on the rise, more intense geomagnetic storms are expected; hence, a detailed understating of ionospheric variations may help researchers make predictions for the rest of the solar cycle.
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Figure 1. Geographical locations of the ground-based data stations over American and Asian sectors. 
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Figure 2. Variations in geophysical indices from DOY 81 to 84 (March 2023): (a) Interplanetary electric field (Ey), (b) IMF Bz, (c) ASY-H, (d) Auroral electrojet, (e) SYM-H, and (f) Kp index. The first black dotted line is the Initial Phase, the colored patch is the Main Phase, and the second dotted line refers to the time instance of the Dst minimum. 
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Figure 3. Series of ROTI maps from 22 to 25 March 2023. The maps show TEC irregularity occurrence rates at sunset, pre-midnight (a–h), and near-sunrise (i–l) hours of the pre-storm and storm days. The shaded portion and blue curve denote the post-sunset hours and dip equator. The superimposed red circles and green stars mark the location of TEC receivers and ionosondes. 
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Figure 4. ROTI maps during the post-sunset hours (a–d) and sunrise hours (e–h) presented in hourly intervals on 23–24 March 2023. The red circles and green stars represent the location of TEC receivers and ionosondes used in this study. 
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Figure 5. Range spread-F observed by different ionospheric sounders in the American sector on 23–24 March 2023. 
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Figure 6. Diurnal variations of ROTI during 22–24 March 2023 at different stations over the Asian sector. (a) Indian, (b) East Asian longitude sector. The dashed lines denote the sunset time at respective longitude sectors. The different colors show the ROTI value of different satellites. 
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Figure 7. Swarm (A and B) derived plasma density profiles over the American sector during 0054–UT0404 UT (b–d) and 1104–1419 UT on 24 March (f–h). The black, blue, and red curves in the left panels (a,e) denote the tracks of Swarm (A and B) satellites. From left to right, plasma density profiles are plotted in the increasing order of longitudes from east to west. 
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Figure 8. Swarm A plasma density profiles over the Indian sector (b–d) and East Asian sector (f–h) at post-sunset hours during 22–24 March. The left panels (a,e) denote the corresponding satellite tracks of the observed latitudinal profiles. 
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Figure 9. Diurnal TEC variations on 23–24 March over the American sector. Panels (a,c) refer to the low latitude while (b,d) correspond to middle latitude stations within 38°–90°W. Blue solid lines denote enhanced TEC, whereas orange lines refer to a decrease in TEC values (c,d). The dashed line in BRFT and GLPS plots represents the sunset beginning and final sunrise time in the sector. 
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Figure 10. TEC variation during 22–24 March over the Indian longitude sector (a,c) and East Asian longitude sector (b,d) at the equatorial to beyond northern EIA crest stations. 
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Figure 11. The variations in hmF2 over the American sector from east to west (~40°–60°W) on 23–24 March 2023. The gray-shaded region denotes sunset to sunrise duration on 23–24 March. 
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Figure 12. Ionospheric hmF2 observed at the Fuke station on 23–24 March 2023. 
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Figure 13. The variation of ring currents (a), Diono, H, Sq, and EEJ at 48°W (b,c), and equatorial electric field calculated from the PPEFM model at 75°W longitude (d) from 23 to 25 March 2023. The shaded portion denotes the duration from sunset to sunrise on 23–24 March. 
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Figure 14. The zonal and meridional wind component derived from FPI at Cachoeira Paulista and Millstone Hill on 24 March superimposed on the quiet time average. 
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Figure 15. The variation in equatorial electric fields over the Indian (a) and East Asian (b,c) longitude during 22–24 March. 
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Figure 16. GUVI thermospheric O/N2 on 24 March 2023 and O/N2 difference from a quiet day. The red circles denote the locations of GNSS stations. 
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Figure 17. FORMOSAT-7/COSMIC-2 derived global amplitude scintillation (S4) index percentage for S4 ≥ 0.5 during 22–24 March 2023. 
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