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Highlights 34 

 35 

 There is no positive storm effect observed in the Pacific mid-latitude regions during the March 36 

2023 storm. 37 

 Hemispheric asymmetry is observed in the super-fountain effect during the March-23 storm. 38 

 The storm-induced disturbed thermospheric winds display a non-uniform planetary distribution, 39 

which is particularly evident during the March-23 storm. 40 

 41 
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Abstract 61 

 62 

This study explores the ionospheric disturbances induced by the March 2023 geomagnetic storm, 63 

offering insights into the complex interplay between space weather events and the Earth's upper 64 

atmosphere. In this regard, data from ionospheric maps (global and regional electron contents) and 65 

topside plasma density (provided by the Swarm satellites) have been used. Furthermore, the 66 

findings are compared with those of the March 2015 St. Patrick's Day storm of solar cycle 24, which 67 

exhibited notably similar onset conditions. The Global Electron Content (GEC) displays substantial 68 

positive surges in the African, Pacific, and American sectors, with a notable enhancement in the 69 

American sector on March 24, 2023. During the recovery phase (March-23 storm), negative storm 70 

effects are observed across all longitudinal sectors, with greater intensity at low-latitudes compared 71 

to mid-latitudes. Moreover, the study highlights discrepancies in positive storm effects when 72 

compared to the St. Patrick's Day storm. During the March-2023, there was no positive storm effect 73 

observed in the pacific mid-latitude regions. This longitudinal difference in occurrence of positive 74 

storm may be attributed to potential influences from variations in the z-component of the 75 

interplanetary magnetic field and energy inputs into the magnetosphere. A super fountain effect is 76 

observed exclusively in the American sectors during both storms, exhibiting a noticeable 77 

hemispheric asymmetry. The non-uniform planetary distribution of disturbed thermospheric winds 78 

likely played a major role in the ionospheric asymmetry in the American region during the 2023 79 

event.  80 

 81 
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1. Introduction 101 

Understanding the intricate dynamics of ionospheric disturbances remains one of the formidable 102 

challenges for researchers engaged in the exploration of the upper atmosphere (Heelis & Maute, 103 

2020). The identification of source mechanisms behind these disturbances within the ionosphere-104 

thermosphere system poses substantial challenges, hindering the effective modeling of the system 105 

during geomagnetic storms (Unnikrishnan et al., 2006 Ogunsua et al., 2014; Materassi et al., 2023). 106 

The elusive nature of these physical mechanisms has, in turn, impeded our ability to predict and 107 

mitigate the potential impacts on essential technologies that depend on stable ionospheric 108 

conditions. The geomagnetic storms can introduce a distinct set of conditions, leading to a variable 109 

ionospheric response in each instance. In this regard, several factors contribute to the complex 110 

nature of ionospheric response, e.g., time of storm commencement, the specific season during 111 

which the storm takes place, the origin of Coronal Mass Ejections (CMEs), and the orientation of the 112 

z-component of the interplanetary magnetic field (IMF) (Tsurutani et al., 2004, Balan et al., 2009, 113 

Koga et al., 2009; Liu et al., 2019). 114 

The present study is dedicated to unraveling the ionospheric response to the geomagnetic event of 115 

March 23rd, 2023, hereafter referred to as the March-23 storm. Using data from ground-based and 116 

satellite instruments, we aim to address some of the complexities of ionospheric modifications as 117 

caused by the specific coronal hole activity under examination. Nava et al. (2016) conducted a 118 

thorough investigation of the St. Patrick's Day storm of 2015 (referred as the March-15 in our study). 119 

This storm, considered as the most intense event of solar cycle 24, was analyzed at both low and 120 

mid-latitudes using ground-based as well as satellite-based observations. They reported 121 

longitudinal disparities in ionospheric variations by categorizing them into four regions, namely Asia, 122 
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Africa, America, and the Pacific. Moreover, effects of prompt penetration (and disturbance dynamo) 123 

electric fields have been highlighted using the spectral analysis of magnetic data. Astafyeva et al. 124 

(2015) also investigated the March-15 storm, using global multi-instrument analysis, and reported 125 

a significant positive ionospheric storm at low-latitudes in the morning and post sunset sectors 126 

(mostly located in the eastern pacific region). Such enhancements during storm periods were 127 

primarily attributed to the increase in thermospheric O/N2. Due to the significant impact of the 128 

March-15 storm, several authors have extensively investigated it from various perspectives (Wu et 129 

al., 2016; Maurya et al., 2018; Mridula et al., 2022). 130 

Notably, the March-23 storm exhibits compelling similarities with the March-15 counterpart. This   131 

interesting parallelism presents an opportunity to gain insights into the underlying physical 132 

processes that can influence the spatio-temporal variations of ionospheric disturbances during the 133 

geomagnetic storms and is the main topic of present study. By drawing connections between these 134 

distinct but analogous events, we endeavor to enhance our understanding of the multifaceted 135 

nature of ionospheric responses to solar-terrestrial interactions. This study aims to characterize the 136 

temporal and spatial patterns of ionospheric disturbances during the March 2023 geomagnetic 137 

storm, focusing on both positive and negative storm effects across different longitude sectors. We 138 

have examined the influence of key drivers, such as penetration electric fields and thermospheric 139 

winds, in shaping these ionospheric responses. Furthermore, this work investigates potential 140 

hemispheric asymmetry in the equatorial ionization anomaly (EIA) by analyzing TEC variations 141 

between the northern and southern crests. By comparing the March 2023 storm with the St. 142 

Patrick's Day storm, we seek to understand the role of various global parameters in driving 143 

ionospheric disturbances. 144 

The subsequent sections of this work are structured to provide a comprehensive overview. Section 145 

2 details the datasets employed, and the methodology applied in analyzing the ionospheric changes 146 

associated with the considered coronal hole activity. The results are presented in Section 3, followed 147 

by a discussion in Section 4. In conclusion, we summarize our findings and their implications in 148 

Section 5, offering a perspective on the ionospheric disturbances as observed during the March-23 149 

storm and their potential implications for space weather forecasting and technology resilience. 150 

 151 

2. Data Sets and Methodology 152 
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Our investigations of the ionospheric variations involve the use of diverse datasets and 153 

methodologies, each serving specific purposes. The following list provides a brief overview of the 154 

parameters and their corresponding indices.  155 

a) Relevant solar wind parameters and various geomagnetic activity indices have been obtained 156 

from the OMNIWeb data center, which is accessible at http://omniweb.gsfc.nasa.gov/. 157 

b) World data center (WDC) for geomagnetism (https://wdc.kugi.kyoto-u.ac.jp) provides the AE 158 

index, which is a key index to estimate the energy input to ionosphere. Since provisional AE 159 

index was not available for March 2023 storm, we reproduced it from the online quick-look 160 

plots created on 05 Jan 2023 (https://wdc.kugi.kyoto-u.ac.jp/ae_realtime/index.html). 161 

c) Calculations for the Global Electron Content (GEC) and Regional Electron Content (REC) were 162 

performed using global ionospheric maps as provided by UPC-UQRG (Afraimovich et al., 2006; 163 

Nava et al., 2016; Younas et al., 2020). The hemispheric REC is computed by dividing the GEC 164 

into four longitudinal bands, i.e. (60:150E), (-30:60E), (-120:-30E) , (-120:-180E, 150:180E) 165 

corresponding to Asia, Africa, America and Pacific, respectively. Furthermore, low- and mid-166 

latitudes REC are also computed by restricting the latitude in each hemisphere to the range 167 

(0:30) and (30:60), orderly.  168 

d) Variations in topside ionospheric plasma density (Ne) were deduced from measurements 169 

obtained by the SWARM satellites, namely SWARM A, B, and C (Olsen et al., 2013). During the 170 

period from March 22 to 25, 2023, SWARMs A and C traversed the equator at approximately 171 

20.3 LT (ascending) and 8.3 LT (descending), respectively, while SWARM B accomplished this 172 

around 10.5 LT (ascending) and 22.3 LT (descending). It is noteworthy that, due to their 173 

synchronous orbits, SWARMs A and C exhibit comparable Ne values. For brevity, only results 174 

from SWARM A are presented herein.  175 

e) Thermospheric O/N2 composition changes as measured by the global ultraviolet imager (GUVI) 176 

on board the thermosphere, ionosphere, mesosphere energetics and dynamics (TIMED) 177 

satellite have been considered in this work.  178 

 179 

3. Results 180 

On March 20, 2023, the AIA-193 instrument on board the Solar Dynamics Observatory (SDO) 181 

observed a large coronal hole in the Sun's atmosphere. The associated high-speed solar wind was 182 

expected to reach Earth between March 23 and 24, 2023 (source: https://spaceweather.com). 183 
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Consequently, a CME struck the Earth on March 23 around 05:00 UT, as reported by Richardson and 184 

Cane. A prolonged southward-directed IMF-Bz led to a severe geomagnetic storm. In the following 185 

subsection, we will discuss the variations in different global parameters during this event.  186 

3.1 Solar wind and geomagnetic activity parameters 187 

Figure 1 depicts the global parameters in chronological order, encompassing the z-component of 188 

the interplanetary magnetic field (IMF-Bz), solar wind speed, solar wind pressure, auroral electrojet 189 

(AE) and the SYM-H index. The temporal scope of the illustration spans from March 21-23, 2023. 190 

The vertical dotted line indicates the beginning of geomagnetic activity on March 23rd at 06:00 UT. 191 

The IMF-Bz exhibited a southward turn, briefly deviating northward at 13:00 UT before settling into 192 

a sustained southward orientation until 08:30 UT of the subsequent day. The lowest value of IMF-193 

Bz, registering at -18.44 nT, manifested at 19:30 UT. 194 

It is noteworthy that there were no substantial variations in solar wind speed following the CME 195 

event. However, solar wind pressure experienced an escalation, culminating at 22.2 nPa at 14:34 196 

UT on the storm day. The AE index revealed several periods of energy input after the arrival of CME. 197 

The first enhancement in AE index started at 07:20 UT and reached to a maximum value of 1310 nT 198 

at 1113 UT. Another phase of AE enhancement began at 1720 UT and continued until the end of 199 

March 24th, with the maximum value (2610 nT) occurring at 2100 UT on March 23rd. The next 200 

significant peak in the AE index, reaching 1910 nT, occurred at 0700 UT on March 24th. Following 201 

the impact of the CME, the SYM-H index, a crucial metric for measuring ring current intensity, 202 

decreased, reaching a minimum value of -170 nT at 05:21 UT.  203 

3.2 Global and regional electron content variations 204 

In Figure 2 (top panel), the disparity in global electron content (∆GEC) – calculated by subtracting 205 

the corresponding quiet time values from the period spanning March 21st to March 30th, 2023 – is 206 

illustrated. Notably, two distinct episodes of GEC enhancements emerge, peaking at 0.30 GECU and 207 

0.41 GECU on March 23rd at 14:00 UT and 23:45 UT, respectively. These trends correspond to two 208 

episodes of energy input into the ionosphere, as indicated by the AE index (see Fig. 1, fourth panel) 209 

(Nava et al., 2016). Subsequently, GEC experiences a decline, exhibiting a minimum value of -0.46 210 

GECU on March 24th at 13:15 UT. To delve deeper into the geographical distribution of these 211 

enhancements, we conducted an analysis of REC in four longitudinal sectors, namely Asia, Africa, 212 

America, and the Pacific (Figure 2, bottom panel). Following the initial GEC peak, an increase in the 213 
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REC is noted in Africa, while the subsequent peak is more prominent in the America and Pacific 214 

regions. The amplitude of the negative storm, indicative of a decrease in electron content, is most 215 

pronounced, on the following day of storm, in Asia (-0.30 GECU at 11:45 UT), followed by Africa (-216 

0.19 GECU at 13:30 UT) and America (-0.17 GECU at 19:15 UT), respectively.  217 

Furthermore, to assess the contribution of the low- and mid-latitude regions to the observed storm 218 

effects, we conducted an analysis of REC in the four longitudinal sectors of each hemisphere, as 219 

illustrated in Figure 3. The top left and right panels in Figure 3 represent the low-latitude REC of the 220 

northern and southern hemispheres, respectively. Notably, the low-latitude region in Asia exhibits 221 

no discernible positive storm effect but demonstrates a significant negative effect with nearly equal 222 

magnitude (-0.1 GECU) in both hemispheres. Positive storm effects exhibit similar characteristics in 223 

both hemispheres, with the maximum impact observed in the American low-latitude region, 224 

followed by the Pacific and Africa, respectively. 225 

Conversely, the bottom left and right panels in Figure 3 depict a similar analysis for mid-latitude 226 

regions. The northern mid-latitude REC reveals a positive storm effect only in the African sector, 227 

reaching a maximum magnitude of 0.06 GECU. In the southern hemisphere, the positive storm 228 

effect is first observed in Africa, followed by the America and Pacific regions, respectively. However, 229 

the intensity of the positive enhancement at the southern mid-latitude region is highest for America, 230 

followed by the Pacific and Africa regions. The negative storm effect reaches its maximum for the 231 

mid-latitude regions of Asia and Africa, orderly for the northern and southern hemispheres.  232 

3.3 ΔvTEC variations 233 

Figure 4a illustrates the variations in ΔvTEC (Vertical Total Electron Content) in the eastern 234 

hemisphere at fixed longitudes, specifically 180°, 135°, 90°, and 45° from top to bottom. Several 235 

features can be discerned from these plots, e.g. on the storm day (23rd March), no significant 236 

disturbances are detected at any of the considered longitudes except at 180° where an 237 

enhancement is observable at the end of day. However, a pronounced negative storm effect is 238 

evident on 24th March, with the maximum intensity of ionospheric TEC depletion occurring in the 239 

90° sector, followed, respectively by 135° and 45° counterparts. Conversely, this effect is notably 240 

weak in the 180° sector. The negative storm effect first appears in mid-latitudes and then 241 

propagates towards the equator. The most significant decrement, reaching -80 TECU, is observed 242 

at 90° longitude and 25° latitude. On March 25th and 26th, an enhancement in Total Electron 243 

Content (TEC) is observed in the crests of the Equatorial Ionization Anomaly (EIA), mainly in the 244 
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longitudes of 180° and 135°. Figure 4b mirrors the structure of 4a but focuses on the western 245 

hemisphere. In contrast to its eastern counterpart, no substantial negative storm effect is observed 246 

in this hemisphere. However, on 24th March, a robust positive storm is evident in the low and mid-247 

latitudes. This increase in ionospheric TEC is more pronounced in the southern hemispheric regions. 248 

Notably, this enhancement remains observable at -135° and -180° longitude sectors in the crests of 249 

the EIA until the 25th and 26th of March 2023, orderly. 250 

3.4 Topside ionospheric plasma density variations 251 

The left and right columns in Figure 5 present the ionospheric plasma density during the ascending 252 

phase of SWARM A and B satellites, respectively. Each column, arranged from top to bottom, 253 

displays the latitudinal profile of Ne in the Asia, Africa, and America regions. In each panel, Ne index 254 

for the 22nd, 23rd, 24th, and 25th March are superimposed in blue, orange, green, and red colors, 255 

respectively. The data for Asia, Africa, and America are obtained by selecting the satellite orbit 256 

closest to longitudes 90°, 10°, and -90°, orderly.  257 

Observations from SWARM A show rapid density fluctuations in the Asian sector at high latitudes 258 

on the day of the storm (March-23). The following day, a significant decrease in electron density is 259 

observed when the crests of the EIA become indiscernible, while a slight enhancement is observed 260 

at the trough. The African region shows a decrease in Ne, approximately 70 x 104cm-3, on the day of 261 

the storm at the crest of the EIA. In the American longitude, as depicted by SWARM A during the 262 

ascending flight, there is a rise in plasma density at both low and mid-latitudes on the next day (24th 263 

March). The SWARM B, depicted in the right column of Figure 5, crossed the equator in the morning 264 

(LT~10.5) during the ascending phase. In the Asian sector, an enhancement (reduction) is observed 265 

on 24th March at the trough (crest) of the EIA, indicating an equatorward migration of ionospheric 266 

plasma density on the day after the storm. A similar trend, though with lesser intensity, is observed 267 

in the African region. In the American sector, an increase in plasma density at mid-latitudes is 268 

observed on March 25th, 2023. Figure 6, with left and right columns representing the same 269 

parameters as in Figure 5, depicts ionospheric plasma density during the descending phase of 270 

SWARMs A and B. The SWARM A data indicates a significant increase in electron density in the 271 

African region on March 24th, 2023, with double-peaked enhancements at 10° and 30° latitude in 272 

the northern hemisphere. A similar pattern is observed in the southern hemisphere of the American 273 

region. While SWARM B data reveals intense depletion in plasma density on the night-side during 274 

the descending phase on March 24th in the Asian region. In the African region, an increase in plasma 275 
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density on March 23rd is more pronounced in the northern crest of the EIA, with depletion at the 276 

respective trough. This indicates a poleward expansion of plasma on the day of the storm. The rapid 277 

oscillations in plasma density in the America region during the descending phase of SWARMs A and 278 

B correspond to the development of electron plasma bubbles. 279 

3.5 Comparison with St. Patrick day storm  280 

Figure 7, arranged from top to bottom, illustrates the IMF-Bz, SYM-H index, solar wind speed, AE 281 

index, and GEC from two days before the storm until the 7th day after the storm. In each panel, 282 

data for the storms on March-15 and March-23 are superimposed in blue and red, respectively. The 283 

IMF-Bz exhibits robust oscillations after the arrival of the CME depicting multiple north-south 284 

excursions during the March-15 case. However, the amplitude of these oscillations is comparatively 285 

lower, remaining predominantly southward over an extended period during the March-23 storm. 286 

The minimum value of IMF-Bz is -27.8 nT and -20.0 nT for the March-15 and March-23 cases, 287 

respectively. The solar wind speed increase to almost 110 km/s for the case March-15, whereas no 288 

such enhancement is observable, as CME strikes, for March-23 event. The SYM-H index starts to 289 

decrease earlier in the case of the March-15 storm compared to its counterpart, reaching a 290 

minimum value of -233 nT at 22:46 UT on the storm day. In contrast, for the March-23 storm, it 291 

reaches -170 nT at 05:21 UT on the March 24th, 2023. Both cases exhibit two main positive peaks, 292 

but the time span is longer during the March-23 event compared to March-15. Consequently, the 293 

degradation in GEC also initiates later for the March-23 case.  294 

Figure 8 illustrates a comparative analysis of hemispheric REC across four longitudinal sectors for 295 

both the considered storms. Analogous to the GEC, the REC data for March-23 exhibits a temporal 296 

lag when contrasted with the March-15 data set. Diverging from the dynamics observed during the 297 

St. Patrick's Day storm, the Asian sector in March-23 displays an absence of a positive enhancement. 298 

The positive storm effect in the African sector is notably augmented during March-23, surpassing 299 

the March-15 counterpart by 0.05 GECU. The American sector manifests a relatively protracted 300 

duration of positive enhancement throughout the March-23 event. However, a pivotal distinction 301 

materializes in the Pacific region, wherein March-23 witnesses a positive storm enhancement of 302 

0.35 GECU, concurrently compared with a negative storm effect of -0.38 GECU in the same region 303 

during the 2015 storm. Table 1 presents the UT and LT of occurrence of maximum negative peaks 304 

in REC at four longitudinal sectors for the considered storms.  305 
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 306 

The two magnetic storms of March 17, 2015 and March 23, 2023 beginning in the morning (~4:45 307 

UT and ~06:00 UT) show important similarities for the variations of the GEC in the different sectors. 308 

The maximum of the GEC disturbance is observed first in Asia followed, respectively by Africa and 309 

America. The hemispheric REC decreases, indicative of an ionospheric negative storm, exhibit 310 

similar amplitudes from Asia towards America. For example, comparing March 17, 2015, with March 311 

23, 2023, the REC decreases are as follows: Asia (0.38 GECU / 0.30 GECU), Africa (0.24 GECU / 0.20 312 

GECU), and America (0.17 GECU / 0.17 GECU). For the case of 17 March 2015 there is a decrease (of 313 

0.39 GECU) in the hemispheric REC for the Pacific region while no such trend is observed for the 314 

magnetic storm of 23 March 2023. The time delay between the onset of the magnetic storm and 315 

the maximum decrease in hemispheric REC in Asia is of the same order of magnitude, with 28 hours 316 

for the storm on March 17, 2015, and 30 hours for the storm on March 23, 2023. For the storm of 317 

March 17, 2015, the corresponding maximum decrease in the REC occurred at time spaced of 5-7 318 

hours apart: 04.00 UT (Pacific), 09.00 UT (Asia), 15.00 UT (Africa), 22.30 UT (America). For the storm 319 

of March 23, 2023, the maximum decay in the REC of the hemisphere occurring in Africa at 13.30 320 

UT, occurs one hour later than Asia at 12.00UT. Note that in the Europe Africa sector there is the 321 

propagation of a large scale travelling ionospheric disturbance (LSTID) during the case of March-322 

2023 and the depletion of the REC at mid-latitudes may be associated to it (Kishore & Kumar, 2023) 323 

To compare the intensity of super-fountain, we present in Fig. 9 the latitudinal distribution of GIM-324 

TEC – on the day before (blue), storm day (red), two days after the storm (yellow and purple) – in 325 

the American sector (-70o) at 23:15UT during the March-2023 (left) and March-2015 (right), 326 

respectively. The solar radio flux is high in March 2023 (157.53 sfu) as compared to March 2015 327 

(126.89 sfu) which resulted in a stronger EIA. It can be seen that there is about 27TECU (48%) 328 

enhancement on the day after the storm (18th of March) at both crest of EIA during the March-15 329 

storm. However, a hemispheric asymmetry is observed across the crest of EIA for the March-23 330 

event having about 18TECU (19%) increase in the northern crest of EIA whereas it is 35TECU (35%) 331 

in southern counterpart (Nava et al., 2015; Tahir et al., 2024). Figures 10 (a and b) show the 332 

thermospheric O/N2 ratios, as obtained by the Global Ultraviolet Imager (GUVI) on board the TIMED 333 

satellite, for the March-23 and March-15 cases, respectively. For the former case, the data is 334 

available only for the southern hemisphere. The UT and LT of equatorial crossing are indicated at 335 

the top of each panel. On March 23 and 24, there is a significant decrease in O/N2 in the polar 336 

regions compared to March 22, the day before the storm. However, there is an asymmetric trend 337 
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in thermospheric variations at low- and mid-latitudes. The American low- and mid-latitudes show a 338 

relatively greater enhancement compared to the Asian counterpart, where even a decrease is 339 

observed. For the March 15 storm, the O/N2 ratio increases mainly around the magnetic equator on 340 

March 17 and 18, with a more pronounced enhancement in the American region compared to the 341 

Asia (Fig. 10b). Astayeva et al. (2020) also reported similar hemispheric asymmetries during the 342 

August 2018 geomagnetic storm. The hemispheric asymmetry at high-latitudes can be attributed to 343 

several factors, including asymmetric energy inputs, the timing of the storm's onset, and seasonal 344 

effects. Additionally, the inherent north-south asymmetries in the geomagnetic field contribute to 345 

differences in the coupling between the magnetosphere, ionosphere, and thermosphere across the 346 

two hemispheres (Laundal et al., 2017). 347 

4. Discussion 348 

A detailed analysis of solar wind, geomagnetic parameters, and ionospheric behavior during the 349 

distinct storms on March-15 and March-23, has yielded valuable insights into the dynamic interplay 350 

of space weather phenomena. In this section, we explore the implications, on ionosphere, of our 351 

observations by investigating the variations in the IMF components, SYM-H index, and GEC. Through 352 

a comparison of these two events, our objective is to elucidate the underlying physical mechanisms 353 

that control space weather disturbances and their subsequent effects on Earth's ionospheric 354 

conditions.  355 

The geomagnetic activity started on 23rd March around 0600 UT when the SYM-H index began to 356 

decrease (<0). There is a long, but relatively weak, compression phase (from 04:45 UT to 10:50 UT), 357 

which is followed by the main phase. Figure 1 shows several periods of energy transfer, as depicted 358 

by the AE magnetic index, during the main and recovery phases of the considered storm. The first 359 

AE maximum (EI; 1310 nT) occurs around 11:15UT; a second momentary one (EII; 1413 nT) around 360 

1420 UT; third (EIII; 2609 nT) at 21:00UT; and the fourth maximum of the AE index (EIV; >1922 nT) 361 

has been found at 0700UT on 24th March. On 23rd March, the GEC exhibits two significant 362 

enhancements; one at 1400 UT (several hours after EI) and at 23:45 UT (several hours after EIII) and 363 

a smaller increase later at 07:00 UT on 24th March (see Figure 2, top panel).  364 

The impact of the first input (EI; AE = 1310 nT) manifests as a positive storm effect, predominantly 365 

affecting the African sector, with minimal influence on other regions. Conversely, the effects of EII 366 

are deemed insignificant due to its brief and transient nature. The response to the third input (EIII; 367 
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AE = 2609 nT) manifests as a positive storm effect in the American and Pacific sectors. The observed 368 

third peak in GEC is mainly caused by the positive storm in the American sector (with a minor 369 

contribution from Africa) and is related to the input energy EIV (AE > 1922 nT, at 0700UT). 370 

Subsequently, negative storm effects are evident in all longitudinal sectors, beginning with Asia and 371 

extending to Africa, the Pacific, and finally, America, as illustrated by hemispheric REC data (Figure 372 

2). The most pronounced negative storm effect is observed in the Asian sector. This observation 373 

aligns well with simulations by Fuller-Rowell et al. (1994), which suggest that the most substantial 374 

impact during geomagnetic storms occurs in the region situated on the nightside at the storm's 375 

onset, with the opposite being true on the day-side. When the storm initiated at 0445 UT, the Asian 376 

was on the day-side (around 12:00 LT) and hence the disturbance during the main phase is less 377 

noticeable in this sector.  378 

To further examine the contribution of different latitudes and existence of north-south asymmetry 379 

(Paul et al., 2024), we analyze the low- and mid-latitudes of each hemisphere (Figures 3 and 4). In 380 

correspondence with the initial peak in GEC, primarily attributed to the African sector around local 381 

time 12:00, notable contributions have originated from the mid-latitudes of that sector. Specifically, 382 

the contributions are 0.06 GECU and 0.04 GECU, respectively for the northern and southern 383 

hemispheric regions of the mentioned sector. This enhancement is also evident in the plasma 384 

density data of SWARM B (Figure 6), which indicates a strong increase of plasma density at mid-385 

latitude with a reduction at trough of EIA. Such trend is a signature of the super-fountain effect at 386 

low-latitudes, evident by a prominent depletion observed over the magnetic equator (Balan et al., 387 

2018). In this case low-latitude plasma particles are lifted to much higher altitudes before they can 388 

diffuse downward, by the pressure gradient and gravity, along the magnetic field lines. Initially, it 389 

was suggested that this effect arises from strong eastward prompt penetration electric fields (PPEF) 390 

(Kelley et al., 2004). However, subsequent modeling studies have indicated that penetrating electric 391 

fields are not the only drivers of such phenomena (Balan et al., 2009). Indeed, the significant positive 392 

enhancement was explained by considering the combined effects of robust PPEF and equatorward 393 

thermospheric winds during storm-time conditions (e.g., Balan et al., 2011, Lu et al., 2012, Tsurutani 394 

et al., 2004). The low-latitudes and southern mid-latitudes region of America and Pacific sectors 395 

contributed equally to the 2nd peak of GEC, while the northern mid-latitudes showed no such 396 

contribution to this peak. This enhancement in the American low and mid regions is also illustrated 397 

by SWARM B during the descending phase, accompanied by a sudden reduction at the geomagnetic 398 

equator (Figure 6). During this timeframe, America and Pacific regions were on the evening and day-399 
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side, respectively. Consequently, it suggests the presence of eastward PPEF as a contributing factor. 400 

The third positive storm effect on 24th March is primarily contributed by northern low-latitudes 401 

(Africa and America) and southern low-latitudes (America). While, the mid-latitude regions make 402 

no contribution to this positive increase. The positive increase is further supported by the 403 

observations of topside ionospheric plasma density by the SWARM A and B satellites. Moreover, 404 

during the descending phase, SWARM A reported an enhancement in the region of the EIA crest, 405 

accompanied by a significant reduction at the trough in the American region. Note that during this 406 

positive storm period the American section was on local nightside. The mechanism behind post-407 

midnight enhancements in the electron density remains elusive and still remains to be a topic of 408 

future investigation. In this regard, Liu et al. (2013) emphasized the significant role of the westward 409 

electric field in shaping these enhancements in the ionospheric F layer over low-latitudes. 410 

Additionally, simulations conducted by Le et al. (2014) highlighted that the downward E × B plasma 411 

drift, induced by a westward electric field at night, serves as the primary driving force for the 412 

observed nighttime enhancement. They further noted that a delayed westward electric field can 413 

lead to a substantial post-midnight increase over the low-latitudes. Despite these findings, there is 414 

still a lack of observational support from the equatorial region. In this regard, Jiang et al. (2016) 415 

proposed the essential role of vertical E × B drift, coupled with meridional wind, in instigating post-416 

midnight electron density enhancements across equatorial and low-latitudes. 417 

The hemispheric REC showed that the most severe negative effect took place in the Asia region. This 418 

finding holds true for the low and mid-latitudes of each hemisphere, except for the southern mid-419 

latitude region, where the maximum negative effect is observed in the African sector. Several 420 

interesting facts can be seen from the analysis of negative storm effect on 24th March in the Asian 421 

region, e.g. there is no asymmetry in the onset and intensity at hemispheric counterparts. However, 422 

the intensity of the negative storm effect is higher at low-latitudes (-0.1 GECU) compared to mid-423 

latitudes (-0.08 GECU). There exists a time delay of about 10 hours at low-latitudes as compared to 424 

corresponding mid-latitudes. Furthermore, no significant negative storm effects are observed in 425 

either longitudinal sector of the Pacific region. Interestingly, the American region responded 426 

towards the end of this effect, and it is noteworthy that the intensity is higher at mid-latitudes 427 

compared to low-latitudes, which contrasts with the observed pattern in the Asian region. During 428 

geomagnetic storms, high-latitude Joule heating induces temperature variations, resulting in 429 

upward winds and the upwelling of air from the lower thermosphere into the F region. 430 

Simultaneously, the temperature increase at high-latitudes creates a robust equatorward horizontal 431 
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pressure gradient, enhancing neutral winds that transport N2-rich/O-depleted air to mid and low 432 

latitudes. This indicates that the substantial increase in N2 at high latitudes causes O/N2 depletion, 433 

which extends to mid-low latitudes as storms progress (Kil et al., 2013). Conversely, changes in 434 

thermospheric circulation induced by storms lead to the downward movement of air in lower 435 

latitudes adjacent to the high-latitude upwelling region. This downward movement of O-rich/N2-436 

depleted air contributes to an increase in O/N2. The pattern of O/N2 enhancement is further spread 437 

toward the equator through horizontal transport (Fuller-Rowell et al., 1994).  438 

Let us now compare the results with the ionospheric disturbances as generated by the March-15 439 

storm. Despite the similarity in the scenarios of the two considered storms, notable differences in 440 

ionospheric variations are apparent as depicted in Figures 7 and 8. Both storms exhibit two major 441 

positive peaks in GEC after the arrival of CME. However, the timing of these enhancements is 442 

significantly different, with the peaks appearing earlier in the case of the March-15 event. 443 

Consequently, the negative and recovery phases also started earlier for the case of March-15 as 444 

compared to March-23 counterpart. As a result of this difference in the time of occurrence of GEC 445 

peaks, corresponding longitudinal sectors have also showed differences (Figure 8). This illustrates 446 

the remarkable sensitivity of space weather phenomena on ionospheric dynamics. An asymmetry 447 

in the TEC enhancement during March-23 can also be observed, with it being more pronounced in 448 

the southern crest of the Equatorial Ionization Anomaly (EIA). Another main difference that we 449 

observed is the complete absence of negative storm effects in the Pacific longitudinal sector for 450 

March-23. During both of the considered storms, the most intense negative storm effects occur in 451 

the Asian region which is consistent with simulations of Fuller-Rowell et al., (1994). High-latitude 452 

Joule heating elevates the temperature of the upper atmosphere, initiating a global wind surge from 453 

both polar regions that extends toward low-latitudes. This wind surge exhibits a preference for the 454 

night sector and aligns with the longitude of the magnetic pole, with its characteristics dependent 455 

on the start time (UT) of the storm. Since the time of commencement for both cases is the same, 456 

i.e. Asia is on the night-side in both instances, leading to the most intense negative storm effect 457 

occurring in this longitude sector. However, a notable longitudinal difference is observed for the 458 

positive storm effect, which could be associated with a time difference in the variation of IMF-Bz 459 

and energy inputs as estimated by the AE index.  460 

The thermospheric O/N2 ratio exhibits a longitudinally asymmetric trend at low- and mid-latitudes 461 

during the March 2023 storm. The south American low- and mid-latitude regions show more 462 
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significant enhancement as compared to the Asian counterpart, where a decrease is observed (Fig. 463 

10). This longitudinal asymmetry is also reflected in the TEC and super fountain effect, which were 464 

not evident in the March-15 case. In a recent study, Oyama et al. (2024) reported the largest 465 

disturbed thermospheric wind observed by a Fabry-Perot interferometer in Tromsø since 2009. 466 

Thus, the intense, and non-uniform, disturbed thermospheric winds contributed to the asymmetry 467 

observed in the TEC and super-fountain effect in the American region. 468 

 469 

Conclusions 470 

In conclusion, this study has delved into the dynamics of ionospheric disturbances during the March 471 

2023 geomagnetic storm, unraveling noteworthy patterns and behaviors. Main findings of this work 472 

are summarized as following: 473 

1. The GEC index exhibits two major and one minor positive storm effects during the March 2023 474 

storm. The initial increase is observed in the African sector, while the second is contributed by the 475 

Pacific and American sectors. The third positive increase leads to an enhancement in the American 476 

sector on March 24th. The two initial positive enhancements on 23rd March 2023 are associated 477 

with dayside PPEF. However, the 3rd such increase is contributed by the American sector, which 478 

was on the nightside. This may be associated by westward penetrating electric fields. 479 

2. A negative storm effect is observed in all longitude sectors during the recovery phase of the storm, 480 

except in the Pacific sector during the March 2023 storm. The negative phase is more intense at 481 

low-latitudes compared to mid-latitude counterparts.  482 

3. Furthermore, it commenced earlier at mid-latitudes than at low-latitudes in respective longitudes, 483 

suggesting that thermospheric neutral winds may be the main source of the observed negative 484 

storm effect. Regarding the negative storm effects, they are nearly identical during both events 485 

(March-15 and March-23), with the Asia longitude being the most affected region. 486 

4. However, the positive storm effects differ when compared to the St. Patrick's Day storm. The 487 

Pacific mid-latitude region exhibit no positive storm effect during the March-2023 storm. This 488 

disparity may be associated with temporal difference in the episodes of energy input to ionosphere 489 

(as indicated by AE index). During the March 2015 storm, IMF Bz made several northward excursions 490 
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during the main phase contrary to March-23 where IMF remained southward for long duration. This 491 

difference of Bz variation may also lead to longitudinal difference in positive storm effect.  492 

5. On March 18th, both crests of the equatorial ionization anomaly (EIA) show a substantial 27 TECU 493 

(48%) enhancement. However, during the March-23 storm, a hemispheric asymmetry was observed: 494 

a 19% increase (18 TECU) in the northern crest compared to a 35% increase (35 TECU) in the 495 

southern counterpart.  496 

6. The asymmetric enhancement of TEC at the crest of the equatorial ionization anomaly (during 497 

the March-23) may be attributed to the non-uniform planetary distribution of disturbed 498 

thermospheric winds. 499 
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Table Captions 670 

 671 

Table 1: The onset time of the storm and the peak reduction in hemispheric REC for the March 15 672 

and March 23 storms. 673 
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Figure Captions 694 

 695 

 696 

Figure 1: (From top to bottom) IMF-Bz in nT, solar wind speed in km/s, pressure in nPa, AE, and 697 

SYM-H index in nT from March 21 to March 29, 2023. 698 

 699 

Figure 2: (Top) Difference in Global Electron Content (GEC) from March 21 to March 29, 2023. 700 

(Bottom) Difference in Regional Electron Content (REC) at four longitudinal sectors: Asia (blue), 701 

Africa (red), America (yellow), and Pacific (magenta) from March 21 to March 29, 2023. 702 

 703 

Figure 3: Difference in REC at low (top) and mid (bottom) latitude sectors from March 21 to March 704 

29, 2023. The left panel corresponds to the northern region, and the right panel presents the 705 

southern counterpart. On each panel, Asia, Africa, America, and Pacific are represented, 706 

respectively by blue, red, yellow, and magenta.  707 
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Figure 4: (a) The ∆vTEC at fixed longitudes of the eastern hemisphere during March 21 to March 29, 708 

2023, from top to bottom: 180, 135, 90, 45, respectively. (b) Similar to Figure 4a but for the western 709 

hemisphere. 710 

 711 

Figure 5: Plasma density measurement from SWARM A (left) and SWARM B (right) satellites during 712 

the ascending phase at three longitudinal regions, from top to bottom: Asia, Africa, and America, 713 

respectively. On each panel, data for March 22, 23, 24, and 25 are superimposed in blue, yellow, 714 

green, and red color lines, orderly. 715 

 716 

Figure 6: Similar to Figure 5 but during the descending flight of SWARM satellites. 717 

 718 

Figure 7: From the top to bottom, a comparison of IMF-Bz, SYM-H index, solar wind speed, AE index 719 

and GEC variations during the March 2015 (red) and March 2023 (black) storms. 720 

 721 

Figure 8: A comparison of REC variation during the March 2013 (in black) and March 2015 (in red) 722 

storms in Asia, Africa, America, and Pacific regions, respectively. 723 

 724 

 725 

Figure 9: A comparison of super-fountain effect in the American region during the March 2015 (right) 726 

and March 2023 (left) storms. Each panel depicts the latitudinal variation of GIM-TEC on the day 727 

before (blue), storm day (red), two days after (yellow and purple) the storm, respectively. 728 

 729 

Figure 10: (a) Thermospheric O/N2 measured by GUVI on board TIMED satellite on 22nd (bottom left), 730 

23rd (bottom right), 24th (top left), and 25th (top right) March 2023, respectively. (b) Similar to Fig. 731 

10a but for 16th, 17th, 18th and 19th of the March 2015, respectively. 732 
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 752 

Table 1 753 

 754 

 755 

 756 

Case March-15 March-23 

Beginning of disturbance (to) 
~17-March-2015 ~04. 45  

Time of increase AE: 06:00 

~23-March-2023 ~06:00 

Time of increase of AE: 08:00 

Maximum decrease in Hemispheric 

REC for Pacific 

 

18 Mar-2015 04:00:00 (~21:00 LT) 

Delay: 23 hours 

0.39GECU 

No Decrease 

Maximum decrease in Hemispheric 

REC for Asia 

18-Mar-2015 09:00:00 (~16:00 LT) 

Delay: 28 hours 

0.38GECU 

24-Mar-2023 12:00:00 (~19:00LT) 

Delay: 30 hours 

0.30GECU 

Maximum decrease in Hemispheric 

REC for Africa 

18-Mar-2015 15:15:00 (~15:15 LT) 

Delay: 34 hours 

0.24GECU 

24-Mar-2023 13:30:00 (~13:30 LT) 

 Delay: 31 hours 30 minutes 

0.20GECU 

Maximum decrease in Hemispheric 

REC for America 

18-Mar-2015 22:30:00 (~17:30 LT) 

Delay: 41 hours 30 minutes 

0.17GECU 

24-Mar-2023 19:15:00 (~14:15 LT) 

Delay: 33 hours  

0.17GECU 
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