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Abstract

We employ multi-instrumental data to investigate the behavior of equatorial and low latitude ionosphere during the geomagnetic

storm of November 3-6, 2021. We used TEC data obtained from GPS receiver stations located in the equatorial and low-latitudes

of the Asian, African, and American sectors. It is found that the storm-time ionization level varies significantly in the trough

and crest of EIA region over the three longitudes. ROTI is used to estimate the occurrence of ionospheric plasma irregularities

during the storm. Usually, the main phase of the geomagnetic storm triggers the equatorial plasma irregularities and the

recovery phase suppresses the occurrence of them. Here, we observed inhibition of the plasma irregularities over the three

sectors during the main phase of the storm. We suspect this may be due to the injection of the PEFs which occur between

local midnight and around noon during the main phase. The PEFs restrict the diffusion of plasma and therefore, suppress

the occurrence of plasma irregularities during the main phase. During the recovery phase, moderate ionospheric irregularities

occurred at local midnight in the American sector. In the African sector, the occurrence of weak irregularities can be seen

before midnight on November 5 and 6. However, the Asian sector does not exhibit noticeable ionospheric irregularities during

the storm. We conclude that the longitudinal variation in the development of ionospheric irregularities can be influenced by

factors such as local time occurrence of maximum ring current, PPEF, disturbance wind dynamo electric field, and shielding

electric field.
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Abstract14

In this study, we employ multi-instrumental data to investigate the behavior of equa-15

torial and low latitude ionosphere during the geomagnetic storm of November 3-6, 2021.16

We used Total Electron Content (TEC) data obtained from Global Positioning System17

(GPS) receiver stations located in the equatorial and low-latitudes of the Asian, African,18

and American sectors. It is found that the storm-time ionization level varies significantly19

in the trough and crest of the equatorial ionization anomaly (EIA) region over the three20

longitudes. The rate of TEC change index (ROTI) shows the ionospheric plasma bub-21

ble irregularities during the storm. Strong ionospheric irregularities were observed over22

the American sector, prior to the storm showing the impact of the High-Speed Solar Wind23

Stream (HSSWS). Usually, the main phase of the geomagnetic storm triggers the equa-24

torial plasma bubble irregularities and the recovery phase suppresses the occurrence of25

these irregularities. However, in this study, we observed inhibition of the plasma irreg-26

ularities over the three sectors during the main phase of the storm. We suspect this may27

be due to the injection of the Penetration Electric Fields (PEFs) which occur between28

local midnight and around noon during the main phase. The PEFs restrict the diffusion29

of plasma and therefore, suppress the occurrence of plasma irregularities during the main30

phase. During the recovery phase, moderate ionospheric irregularities occurred at local31

midnight in the American sector on November 5 and 6. In the African sector, the oc-32

currence of weak irregularities can be seen before midnight on November 5 and 6. How-33

ever, the Asian sector does not exhibit noticeable ionospheric irregularities during the34

storm. The longitudinal variation in the generation of plasma irregularities can be as-35

sociated with the local time at maximum negative excursion of the SYM-H index and36

the electric field. We conclude that the development of ionospheric irregularities can be37

influenced by factors such as local time occurrence of maximum ring current, prompt PEF,38

disturbance wind dynamo electric field, and shielding electric field.39

1 Introduction40

Highly dynamical conditions of the terrestrial atmosphere, ionosphere, magneto-41

sphere, and interplanetary space can cause malfunctioning/non-operational situations42

in the technological/biological systems (A K Singh, 2021). The mitigation of these ad-43

verse effects needs in depth understanding of space weather phenomena by using both44

physics-based and empirical relations (M J Owens, 2021). Higher frequency of occurrence45

of geomagnetic storms at solar maximum than at solar minimum has been proven in the46

literature (Dalton, 1834; Sabine, 1852; Feynman & Crooker, 1978). This empirical trend47

can be applicable to moderate space weather events. For extreme space weather events,48

however, it is difficult to statistically establish patterns of occurrence. Therefore, the de-49

bate is whether the occurrence probability of extreme space weather events can be re-50

lated to the 11 years solar cycle. In this context, (M J Owens, 2021) tested 150-year data51

of global geomagnetic activity with a number of probabilistic models to demonstrate the52

dependency of extreme events on the solar cycle. It was found that storms of all mag-53

nitudes are more frequent during an active phase (solar maximum) than during a quiet54

phase (solar minimum). Moreover, it was reported that extreme events are more frequent55

during larger magnitude solar cycles. Also, extreme events usually occur earlier in even56

cycles and later in odd cycles.57

Energetic space weather events such as Coronal Mass Ejections (CMEs) and Coro-58

tating Interaction Regions (CIRs) are the main drivers of geomagnetic storms and can59

cause energy transfer from the solar wind into the magnetosphere (Lakhina & Tsuru-60

tani, 2016). CMEs travel from the solar corona to the interplanetary space, commonly61

characterized by a strong rotating magnetic field, a small ratio between plasma pressure62

and magnetic pressure, a low ion temperature, a high proton density, and by a high speed63

(J T Gosling, 1991; M Neugebauer, 1997; Gopalswamy, 2006). CME-driven geomagnetic64

storms are generally intense and their occurrence is connected to sunspot dynamics. These65

storms have short-duration recovery phase (1 or 2 days) and are commonly observed dur-66
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ing high solar activity (A Balogh, 1999; Gopalswamy, 2004; B T Tsurutani, 1995). The67

energy input into the magnetosphere-ionosphere-thermosphere (MIT) system is mainly68

controlled by the Interplanetary Magnetic Field (IMF) and by the solar wind conditions.69

During prolonged periods of southward IMF Bz (Bz < 0), the dayside magnetic re-connection70

leads to the deposition of energy into the MIT system. This energy is converted into Joule71

heating and it modifies the thermospheric circulation and the distribution of neutral tem-72

perature, density and composition (T J Fuller-Rowell, 1994; Richmond & Matsushita,73

1975; W D Gonzalez, 1994; Y Kamide, 1998; G Prolss, 1991).74

The magnitude and occurrence of positive/negative ionospheric disturbances due75

to geomagnetic storms depend on latitude, local time, and other factors, including so-76

lar variability (Buonsanto, 1999; N M Pedatella, 2009; A Calabia, 2021). The storm in-77

duced ionospheric disturbances are due to the effect of the prompt penetration electric78

fields (PPEFs) and disturbance dynamo electric fields (DDEFs) (Blanc & Richmond, 1980).79

During southward turning of IMF Bz, the interplanetary electric field mapped to high80

latitudes as dawn-dusk electric field which penetrates into equatorial and low-latitude81

ionosphere, known as PPEFs or under shielding electric field. The polarity of PPEF is82

eastward (westward) on the dayside (nightside). During northward IMF Bz, the over-83

shielding electric field penetrates to the low-latitudes with polarity westward (eastward)84

on the dayside (nightside). Regardless of its orientation, the PPEF significantly affects85

the vertical E× B plasma drift. The large production-to-loss ratio at higher altitudes86

results into F-region electron density increase on the dayside. The resulting strong en-87

hancement/depletion of total electron content (TEC) in the dayside/nightside is asso-88

ciated to PPEF (B Tsurutani, 2004; M A Abdu, 2007). Moreover, the influence of grav-89

itational and pressure gradient forces moves equatorial plasma to higher latitudes and90

forms two crests on both sides of the magnetic equator, known as Equatorial Ionization91

Anomaly (EIA). The eastward/westward orientation of the PPEF drive forward and re-92

verse plasma fountain effect (Duncan, 1960; T Kikuchi, 2008; C H Chen, 2008). Both93

amplitude and latitude of the EIA are intensified by PPEF (B Veenadhari, 2010). Dur-94

ing geomagnetic storms, an increased Joule heating in the auroral zone can cause dis-95

turbances in thermospheric circulation and equatorward winds that results into a dis-96

turbance wind dynamo electric field (DDEF) (Blanc & Richmond, 1980). The DDEF97

originated from the perturbed neutral winds develop a few hours after the onset of the98

storm and it persists for several hours under the action of the thermospheric wind dy-99

namo (Blanc & Richmond, 1980). The magnetic disturbances associated with the PPEF100

and DDFF are known as polar no. 2 (DP2) and ionospheric disturbance dynamo (Ddyn)101

current system, respectively (Nishida, 1968; Huy & Mazaudier, 2005). It is reported that102

a decrease in the amplitude of the Horizontal-component of the Earth’s magnetic field103

at the magnetic equator is associated with Ddyn ((Huy & Mazaudier, 2005)). During104

quiet conditions, global scale neutral winds generate eastward electric currents in the al-105

titude range between 100 and 130 km, known as the Solar quiet (Sq) wind dynamo. Within106

±2◦ of the magnetic equator, an increased flow of this current system between altitudes107

100 and 110 km is commonly known as the equatorial electrojet (EEJ) (Richmond, 1973b;108

Reddy, 1989; C H Chen, 2008). It is well known that westward EEJ is responsible for109

the decrease in the H-component of the Earth’s magnetic field (Y Kassa & Tebabal, 2023).110

The storm-induced ionospheric electron density enhancement or depletion is known111

as positive or negative ionospheric storms. It is demonstrated that a number of phys-112

ical processes are responsible for electron density variations (B Nava, 2016; A Kashcheyev,113

2018; G Prolss, 1991; Cole, 1966). The equatorward neutral wind can be the main driver114

of positive ionospheric storms at low and mid latitudes. The authors demonstrated that115

storm-time increase in oxygen density, a change in meridian winds which lifts the iono-116

sphere to higher altitudes, traveling ionospheric disturbances (TIDs) and disturbed elec-117

tric fields can play important role in plasma redistribution in the form of positive iono-118

spheric storms. Moreover, the negative ionospheric storm can be attributed to storm in-119

duced changes in the atomic O/N2 (N Balan, 2009; C S Huang & Michael, 2005).120
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The presence of ionospheric plasma irregularities in the equatorial-low-latitude can121

disturb the radio communication and navigation system (S Basu, 1999; A W Wernik &122

Fremouw, 2003). For this reason, the study of geomagnetic storm induced ionospheric123

plasma irregularities has received special attention of the space weather researcher. These124

irregularities are more prominent in the post-sunset and midnight equatorial/low lati-125

tude sectors due to the formation of equatorial plasma bubbles (EPBs). The lack of plasma126

production and fast recombination rate in E-region leads to sharp plasma density gra-127

dients in the post-sunset sector. Moreover, the enhanced F-region vertical plasma drift128

resulting from eastward electric field, is an important driver of these plasma irregular-129

ities. The vertical plasma drift moves the F-region to higher altitudes where the recom-130

bination rate is very slow. The resulting Rayleigh-Taylor (R-T) instability is responsi-131

ble for the generation of equatorial/low-latitude plasma irregularities (B G Fejer, 1999).132

(P Amaechi, 2018) investigated the storms related ionospheric irregularities over the east-133

ern and western African sector. The authors used magnetometers data to demonstrate134

that the variation in H and minima/oscillations in ionospheric electric current distur-135

bance (Diono) are associated with PPEF during the main phase. Also, during the main136

phases of the March and October 2015 storms, the westward electric field suppressed plasma137

irregularities over the eastern sector. On the other hand, the eastward electric field trig-138

gered plasma irregularities over the same sector during the June 2015 storm. During the139

recovery phase, the dominating westward DDEF suppressed plasma irregularities.140

Besides electric fields, the thermospheric winds play a vital role in the development141

of plasma irregularities, as for example, in the sunset equatorial sector, the F-layer iono-142

sphere is affected by a pre-reversal enhanced (PRE) east-ward electric field and thus cre-143

ating a R-T instability in the form of EPBs. According to (Abdu, 1997), storm-time en-144

ergy deposition at high latitudes can affect global thermospheric circulation such as zonal145

and meridional winds, which can modify vertical plasma drifts, F-layer heights, and in-146

tensify the post-sunset irregularities (Rishbeth, 1971). However, meridional winds can147

effectively affect the global conductivity and the F layer gradients, thus inhibiting the148

generation of plasma irregularities (Maruyama, 1988). Based on TEC measurements, (B Nava,149

2016) studied response of the middle and low latitudes ionosphere to the intense geomag-150

netic storm of March 2015 in America, Africa, and Asia longitude sectors. The authors151

have reported positive storm effect during the main phase and negative storm effects at152

at all longitude sectors for several days during the recovery phase of the storm. They153

also used spectral analysis of the magnetometer data to separate the effects of the con-154

vection electric field and of the disturbance dynamo. It was concluded that the short term155

oscillations (about 3 h periods) were related to DP2 fluctuations during southward IMF156

Bz and occurred simultaneously in the Asian, African, and American sectors. On the other157

hand, Ddyn showed local time differences for each longitude sector and lasted longer over158

the Asian followed by African and American sectors, respectively. (M Regi, 2022) stud-159

ied the intense geomagnetic storm of November 3-6, 2021 through field line resonances160

and ionospheric parameters such as the critical frequency of the F2 layer, foF2 and TEC.161

The effects on the American sector as compared to the European sector were attributed162

to strong poleward meridional thermospheric wind in Europe. In this scheme, this study163

investigates the equatorial and low latitude ionospheric plasma irregularities that occur164

during the geomagnetic storm of 3-5 November 2021. Normally, the main phase of the165

geomagnetic storm triggers strong fluctuations and the recovery phase suppresses the oc-166

currence of the equatorial plasma bubble irregularities. But here we will observe the in-167

hibition of plasma irregularities during the main phase and their appearance during the168

recovery phase of the storm. We demonstrate the physical mechanisms that are respon-169

sible for the observed storm-time behaviour of the three longitudes. This article is or-170

ganized as follows: Section 2 presents the data and analysis approach, and Section 3 con-171

tains the results and their descriptions. Finally, conclusions based on our findings are172

presented in Section 4.173
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2 Data and Methods174

In this study, we employed the 1-minute time-resolution data of solar wind param-175

eters, including the Bz component of the interplanetary magnetic field (IMF), the so-176

lar wind speed (Vsw), the interplanetary electric field (IEF), the proton density (np), the177

proton temperature (Tp), the solar wind pressure (Psw), the Kp index and the SYM−H178

index. The data is obtained from the NASA’s OMNIWeb database (https://omniweb.gsfc.nasa.gov/).179

The storm-time response of the ionosphere is assessed by analyzing TEC data from180

equatorial and low-latitude GPS receivers located in the Asian, African and American181

sectors. The global diurnal variation of the vTEC is estimated from the 15-minutes time182

resolution UPC GIM (UQRG) data available at (https://cddis.nasa.gov/archive/gnss/products/ionex/2021).183

In GIM, vTEC data is in standard ionosphere map exchange (IONEX) format for the184

entire globe. Each map contains approximately 5,184 data points (called GIM cells) with185

a spatial resolutions of 2.5◦ × 5◦ in geographic latitude and longitude.186

The GPS-TEC data is converted into the rate of change of TEC index (ROTI). The187

ROTI is a proxy for ionospheric scintillation which can be estimated as the standard de-188

viation of the rate of change of TEC at every 5-minute interval (Aarons, 1997; S Basu,189

1999; X Pi, 1997);190

ROTI =
√
< ROT2 > − < ROT >2, (1)

where ROT is the time derivative of TEC,191

ROT =
dTEC

dt
=

TEC(tk+1)− TEC(tk)

tk+1 − tk
. (2)

Here dTEC is the difference in TEC(tk+1) and TEC(tk) values at times tk+1 and tk, re-
spectively. GPS-TEC software proposed by (Seemala, 2011) has been used to derive TEC
from satellites with elevation angles ≥ 30◦ to minimize multi-path errors. TEC is mea-
sured in electrons per square meter and conventionally,

1TECU = 1016electrons/m2.

The unit of ROTI is TECU/min.192

In order to estimate the effect of PEFs on ionospheric plasma irregularities, the tem-193

poral profile of the equatorial electric field over a specific longitude was obtained from194

the real-time PPEF model available at (https://geomag.colorado.edu/real-time-model-195

of-the-ionospheric-electric-fields). The model uses a transfer function to estimate the tem-196

poral variation of the equatorial ionospheric eastward electric field (EEF) with real-time197

solar wind data and a climatological model for the quiet EEF. The inputs are time and198

longitude, and it provides: the background quiet-time electric field, the PPEF, and the199

total electric field which is the sum of quiet-time and PPEF.200

The storm-time response of the geomagnetic field is assessed by using 1-minute time201

resolution data from 3 low-latitude magnetometers located in 3 longitude sectors: Asia,202

Africa and America. In order to compute the resulting geomagnetic variations due to203

the storm, we use the approach adopted by (B Nava, 2016; A Kashcheyev, 2018). Ac-204

cording to this approach, the horizontal component ’H’ of the geomagnetic field can be205

expressed as:206

H = Ho +Dm +Diono + SHr , (3)

where Ho is the magnetic field component associated to Earth’s external core, Dm is the207

disturbance due to the magnetospheric currents e.g. the Chapman Ferraro current, the208

ring current and the tail current. It can be estimated as:209

Dm = SYM−H× cosϕ. (4)

In this equation, ϕ is the geomagnetic latitude. In equation (3), SHr is the quiet daily reg-210

ular variation calculated from 5 quietest days of November 2021 with Kp < 2, and Diono211

represents the disturbances related to the ionosphere. The Diono can be expressed in sim-212

ple form as:213

Diono = ∆H− Sq −Dm. (5)
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In this equation, Sq =< SHr > is the hourly amplitude of daily variations of the geomag-214

netic field. We further employ, a continuous wavelet transform to Diono to detect differ-215

ent waves relevant to this study.216

Finally, storm induced variations in the thermospheric neutral composition can be217

estimated through O/N2. The Global Ultraviolet Imager (GUVI) onboard Thermosphere218

Ionosphere Mesosphere Energy and Dynamics (TIMED) satellite can provide a realis-219

tic estimate of O/N2 (T Yu, 2020). The data is provided in grid format at (http://guvitimed.jhuapl.edu/data-220

products). The geographic coordinates of the GNSS receivers and magnetic observato-221

ries used in our analysis are presented in Table 1.222

3 Results And Discussion223

3.1 Solar Wind Parameters and Geomagnetic Indices:224

The CME- driven geomagnetic storm of November 3-6, 2021 occurred during the225

ascending phase of the solar cycle 25. A halo CME was originated from M 1.7 class so-226

lar flare in the sunspot region AR2891 on November 2, 2021 at 03:00 Universal Time Co-227

ordinated (UTC). More information about this event is available at the National Oceanic228

and Atmospheric Administration (NOAA) Space Weather Prediction Centre (SWPC).229

According to NOAA SWPC, the arrival of the CME on Earth was detected at 19:42 UTC230

on November 3, 2021. The resulting geomagnetic response reached to G3 (Strong) storm231

level at 23:59 UTC preceded by G1 (Minor) and G2 (Moderate) storms at 21:24 and 21:46232

UTC on November 3, 2021. The 1-minute time resolution datasets of solar wind param-233

eters and IMF relevant to this space weather event are in Figure 1, where from top to234

bottom we have: the Bz component of the IMF, the solar wind speed (Vsw), the Ey com-235

ponent of the interplanetary electric field (IEF), the proton number density (np), the pro-236

ton temperature (Tp), the solar wind pressure (Psw), the Kp index and the SYM-H in-237

dex. The red and magenta vertical dotted lines represent the arrival of the CME on Earth,238

which leads to the Sudden Storm Commencement (SSC) and the end of main phase, at239

20:58 and 12:44 on November 3, and 4, respectively. The main phase began with a south-240

ward turning of the IMF Bz, reaching to a lowest value of approximately -17nT at 21:43241

UTC on November 3, 2021. Then it rapidly increased to approximately +15.2 nT at 00:09242

UTC on November 4, 2021. Afterwards, the IMF Bz turned southward again with a strong243

negative value -20.4 nT at 07:19 UTC until 12:44 UTC. Afterward, the Bz component244

increased gradually to normal values on November 5, 2021. Normal values of solar wind245

speed are about 332 km/s, and maximum values showed approximately 850 km/s at 11:39246

UTC on November 4, 2021. The solar wind speed was altered during 3 days and returned247

to normal on November 7, 2021. Note, the IMF Bz changes polarity several times dur-248

ing the main phase of the storm. As a result, the IEF Ey also shows a similar fluctua-249

tions between -10.8 and 14.94 mV/m. The IEF Ey is estimated as Ey = −Bz ×Vx, where250

Bz is the Z component of the IMF and the Vx represents the X component of the solar251

wind speed. A positive (northward) IMF Bz generates a westward electric field on the252

dayside and eastward on the nightside. During the main phase of the storm, the proton253

density and temperature reach maximum values of 25 no./cm3 and 10× 105 K, respec-254

tively. The solar wind dynamic pressure Psw = mpnpV
2
sw, exhibits a strong synergy with255

the IMF Bz. A notable enhancement in the dynamic pressure occurs under southward256

IMF Bz conditions with peak value of 28.54 nPa at 9:16 UT on November 4, 2021. The257

northward IMF Bz condition results into a weaker response of Psw. The bottom plots258

in Figure 1, show the geomagnetic indices Kp and SYM-H. The Kp index shows a max-259

imum value of approximately 8 on November 4, 2021 respectively. During the long south-260

ward turning of IMF Bz (Bz < 0), the magnetic re-connection between the IMF and the261

Earth’s magnetic field drops the SYM-H index due to an enhanced ring current. The de-262

velopment of the double storm on November 4 show 2 minimum values of SYM-H of ap-263

proximately -112 nT and -120 nT at 10:56 UTC and 12:44 UTC, respectively. The re-264
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covery phase started at 12:44 UTC with a northward turning of Bz and attained quiet265

normal conditions on November 6, 2021.266

3.2 Ionospheric Response267

Figure 2 shows the GIM based ionospheric vTEC and ∆vTEC over Asian, African268

and American sectors. The three longitude sectors show the following features during269

the main and the recovery phase of the storm:270

• The Asian sector shows a regular pattern of vTEC with well-defined crests of vTEC,271

except on November 5, as shown in Figure 2a. On the day of the storm (Novem-272

ber 4), the ∆vTEC shows a large increase of EIA with a clear latitudinal sepa-273

ration of the crests. We observe asymmetric distribution of vTEC in the north/south274

EIA crests. The ionization level is strong in the northern crest, reaching middle275

latitudes as compared to the southern crest. On the day after the storm (Novem-276

ber 5), the ionization level in the crests decreases significantly, and an enhanced277

TEC is observed in the equatorial zone. The decrease in the vTEC is stronger in278

the southern crest region as compared to that observed in the northern crest re-279

gion.280

• The African sector exhibits a regular pattern of the vTEC with well-defined crests,281

except on the storm day (November 4). The ∆vTEC shows a strong increase in282

the equatorial zone and in the EIA region. Note an increase in vTEC at the north-283

ern high latitude. The day after the storm, the higher ionization level is confined284

to the equatorial zone and to the northern low latitude. Finally, note the increased285

ionization mostly disappears on the south side of the equator.286

• On the storm day (November 5), the American sector exhibits a strong increase287

in vTEC in the equatorial zone, as well as in the northern low latitude. In the south288

American sector, the increase in the ionization level is expected to extend beyond289

30◦ in latitude. The next day of the storm (November 5), the vTEC enhancement290

mostly occurs in the EIA crests region with a lower increase in vTEC in the equa-291

torial zone.292

Figure 3 presents the temporal variation of the vTEC recorded by the individual293

GNSS stations at the Asian, African and American sectors during the period 1 to 10 Novem-294

ber 2021. Each panel contains the average quiet daily value (in blue) and the vTEC (in295

magenta). In Figure 3, the first 3 panels represent the southern low-latitude (MRO), the296

equatorial (BRUN) and the northern low-latitude (HKSL) stations in the Asian sector.297

At MRO, a large increase of vTEC is observed on the day of the storm. The day after298

the storm, the vTEC value drops to approximately 50% of its quiet time value at this299

station. At BRUN, the vTEC shows a small change in the ionization level during the300

storm phase. These observations are in agreement with the GIM of Asian sector presented301

in Figure 2. In Figure 3, the fourth to sixth panels show 3 GNSS stations in the African302

sector, MFKG (southern low-latitude), NKLG (equatorial) and MAS (northern low-latitude).303

At MFKG, we observe a large increase of vTEC on the day of the storm, which decreases304

significantly on the next day. NKLG shows an increase in the vTEC on the two consec-305

utive days. These observations also agree with the GIMs of the African sector (Figure306

2), indicating that the higher ionization level is confined to the equatorial zone. The North-307

ern low-latitude station shows a little change in vTEC during November 3 to 5. In Fig-308

ure 3, the seventh to ninth panels represent the three GNSS stations of the American309

sector, IQQ (southern low-latitude), QUI (equatorial) and SCUB (northern low-latitude).310

On the day of the storm, the three stations show a noticeable increase in vTEC, specially311

at the equatorial station.312

Figure 4 shows the storm-time variation of the ROTI at several GNSS stations lo-313

cated in the equatorial and low-latitude stations of American, African, and Asian sec-314

tors. Note that the value of ROTI > 0.5TECU/min indicates the presence of ionospheric315
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irregularities at scale lengths of a few kilometres. The ionospheric irregularities can be316

classified as: weak (0.25 < ROTI < 0.5); moderate (0.5 < ROTI < 1) and strong317

(ROTI > 1) (Ma & Maruyama, 2005). Before the SSC (November 3, 2021), strong iono-318

spheric irregularities can be observed over the equatorial and northern low latitude sta-319

tions (areq and bogt) in the American sector. However, the ionospheric irregularities320

are very less pronounced at the south American station (cord). A significant latitudi-321

nal variation in the ionospheric irregularities can be seen within the same sector. In the322

African sector, we observe weak irregularities at ykro. In the Asian sector, hksl and pimo323

show lack of irregularities.324

During the main phase of the storm (on November 4, 2021), the occurrence of iono-325

spheric irregularities over equatorial and low-latitude stations is inhibited for all longi-326

tudes. During the early recovery phase of the storm (on November 5, 2021), the iono-327

spheric irregularities appear at several stations, particularly in the equatorial and north-328

ern low latitude stations of the American sector. Note significant longitudinal differences329

in the occurrence of plasma irregularities during the storm recovery phase. Only the Amer-330

ican sector exhibits noticeable irregularities during the night at the main phase of the331

storm. Clearly, the storm appeared not to hinder the development of plasma irregular-332

ities in the American sector. The generation of these irregularities can be associated with333

the eastward DDEF and/or an over-shielding PPEF. During the storm late recovery phase334

(on November 6, 2021), the occurrence of ionospheric irregularities is observed over the335

equatorial and low-latitude stations of American (areq and bogt) and African (ykro336

and nklg) sectors at different times. However, the occurrence of ionospheric irregular-337

ities is inhibited over the equatorial and low-latitude stations of the Asian sector dur-338

ing the main and recovery phases of the storm. It is well known that the Rayleigh Tay-339

lor (R-T) instability lead to the development of ionospheric irregularities which can be340

affected by external driving forces such as electric fields, magnetic field, and neutral winds341

(G Li, 2010, 2011). Storm induced ionospheric irregularities also depend on season, lo-342

cal time, gravity waves, etc. We suspect the presence (absence) of ionospheric irregular-343

ities over the three longitude sectors (American, African and Asian) before the storm344

initial phase (Kp < 4) can be related to a seasonal dependence. Over the American sec-345

tor, strong ionospheric irregularities usually occur in December solstice (Y Sahai, 1994).346

On the other hand, December solstice is non-occurrence season of irregularities at the347

African and Asian sectors. The inhibition of ionospheric irregularities during the main348

phase of the storm at specific longitudes can be partly attributed to storm timing. The349

main phase of the storm occurred between 21:30 UT (on 3 November) and 12:44 UT (on350

4 November). During this phase, we have local dawn-to-sunset hours in Asian sector, the351

local night-to-noon hours in African sector and the local evening-to-night hours in the352

American sector. (Aarons, 1991) reported that the ring current during geomagnetic storms353

play a leading role in establishing necessary conditions for generation or inhibition of plasma354

irregularities. The authors discussed local time dependence of the ring current during355

maximum excursion of the SYM-H and transmission to the equatorial electric field, which356

is reflected in variations of F layer height. Moreover, the authors stated that the max-357

imum excursion of the storm main phase occurred after sunset or shortly after sunset,358

with insignificant effect on the development of irregularities at night. If the maximum359

negative SYM-H excursion occurs in the afternoon, the ionospheric irregularities would360

be inhibited. On the other hand, a maximum excursion of SYM-H during local midnight361

to post midnight supports the generation of ionospheric irregularities. Therefore, the lack362

of ionospheric irregularities during the storm main phase over the African sector is con-363

sistent with the Aaron’s criteria. However, the suppression of plasma bubble occurrence364

over American and Asian sectors during the main phase of the storm could not be ex-365

plained by Aaron’s criteria. Lee et al. (2005) suggested a lack of ionospheric irregular-366

ities could be explained through the effect of geomagnetic activity on E×B drift. Sev-367

eral researchers (C Martinis & Aarons, 2005; Oladipo & Schüler, 2014; T Dugassa, 2019)368

suggested geomagnetic storms may enhance or suppress the development of ionospheric369

irregularities. Over the equatorial and low-latitude region, since the magnetic field ori-370
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entation is unique, the equatorial/low-latitude ionosphere is sensitive to changes in elec-371

tric fields. PPEF and DDEF are the main sources that modulate the electromagnetic372

environment, hence, these affect the occurrence of ionospheric irregularities. It can be373

expected that over-shielding electric field (westward PPEF) associated with the rapid374

oscillation of IMF Bz may hinder the occurrence of ionospheric irregularities by suppress-375

ing the upward motion of F-layer (T Kikuchi, 2008; B G Fejer, 1999).376

During geomagnetic storms, the dawn-to-dusk convection electric field generated377

at the high latitude can cause the under-shielding PPEF to penetrate into equatorial/low-378

latitudes, thus modify the quiet time electric field pattern (Buonsanto, 1999). A west-379

ward (or eastward) electric field during the nighttime (or daytime) may suppress (or fa-380

vor) the upward drift of a plasma. The injection of westward electric fields during the381

main phase must hinder the normal upward plasma drift and impede the development382

of irregularities. These differences during the first night following the recovery of the storm383

(Figure 4) can be explained in term of longitudinal dependence of storm induced distur-384

bance dynamo mechanism (G Li, 2011). The scenario in the African and Asian sectors385

are different compared to the observations in the American sector. The storm activity386

appear to hinder the development of irregularities during the first night, following the387

recovery phase, as observed in Figure 4.388

PPEFM is used to obtain storm-time behaviour of PEFs over the three longitude389

sectors, as shown in Figure 5. This figure shows (a) the background quiet-time electric390

field (in black); (b) the PEFs(in magenta); and (c) the total electric field, as the sum of391

quiet-time and PEFs (in blue). The injection of PEF into the low-latitude during the392

main phase of the storm occurred between the local midnight and around the noon in393

the African sector. Following our hypothesis, it is suspected that this time may not be394

favourable for the occurrence of the plasma irregularities in the African sector. The in-395

jection of PEFs may inhibit the diffusion of plasma, causing instability with a consequent396

lack of irregularities. Over the Asian sector, PEF is injected into the low-latitude dur-397

ing the initial phase after sunset. (T Dugassa, 2019) showed a longitudinal variability398

in the occurrence of ionospheric irregularities during intense geomagnetic storms in the399

equatorial and low-latitude regions of America, Africa, and Asia. It was found that the400

local time occurrence of the maximum negative excursion of the SYM-H index and the401

electric field play important role in the observed longitudinal variability of the ionospheric402

irregularities. The lack of ionospheric irregularities observed at night during the recov-403

ery phase day (November 5, 2021) in the African can be associated with other storm re-404

lated drivers that may oppose the upward motion of plasma (O S Bolaji, 2019). These405

drivers may include the action of (a) westward PEFs due to northward orientation of the406

IMF Bz during the recovery phase, and (b) the DDEF due to storm induced equator-407

ward wind. The lack of irregularities in the stations over the African and Asian regions408

may be an evidence of the disturbance dynamo mechanism on November 5, 2021.409

Storm-time neutral winds play an important role in the generation of ionospheric410

irregularities. In this context, Figure 6 shows the global maps of O/N2 ratio from GUVI411

TIMED during the period November 3-6, 2021. These maps show different pattern of412

O/N2 ratio on geomagnetically disturbed days (November 3-6, 2021). Previous studies413

have shown that O/N2 is a key parameter to assess the impact of thermospheric com-414

position on plasma density variation (B Nava, 2016). With the development of the ge-415

omagnetic storm, the O/N2 ratio shows strong depletion in the polar cap regions and416

expands non uniformly over different longitudes. The equator-ward O/N2 depletion from417

high latitudes indicates an equator-ward movement of a neutral composition disturbance418

characterized by molecule rich gas induced by heating and upwelling (T J Fuller-Rowell,419

1994). In particular, on November 4, the O/N2 depletion in north Pacific and in north420

America expands to low latitudes. Note about 75% increment in O/N2 in the equato-421

rial zone that expands 15◦ north in the American sector. In south America, the depres-422

sion of the O/N2 ratio appears from the auroral zone to middle latitudes on the storm423

day. Note also a 20% increase in the O/N2 ratio occurs at low latitude on the south side424

of the magnetic equator in these Pacific and American sectors. The quiet time pattern425
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of the O/N2 ratio is relatively a constant value of approximately 0.6 in the EIA and equa-426

torial regions of the Africa sector. This pattern changes significantly with the develop-427

ment of the storm. On November 4, the O/N2 ratio increases up to 75% between lat-428

itudes 28◦ and 35◦ in north Africa, with approximately 30% increase in the equatorial429

zone. The south side of the magnetic equator also shows a slight increase in the O/N2430

ratio with a weak depletion observed between latitudes 25◦ and 35◦ on this day. A day431

after the storm (November 5), the depletion of the O/N2 ratio in south Africa becomes432

stronger and reaches 15S◦. In the Asian sector, a 60% increase in the O/N2 ratio can433

be observed in the middle latitudes during the storm period. On the other hand, the lower434

latitudes and equatorial zone show lack of enhancement.435

The equator-ward expansion of the neutral composition disturbance depends on436

season and local time (T J Fuller-Rowell, 1994; G Prolss, 1991). In the summer hemi-437

sphere (in this case the southern hemisphere), the minimum ion drag and unidirectional438

winds (both summer-winter and storm-driven winds) are favorable conditions for easy439

transmission of the neutral composition perturbations to low latitudes during the night.440

The observation of the storm-time increase in O/N2 ratio coincides with the storm-time441

TEC enhancement in the low latitudes.442

3.3 Geomagnetic Field Response443

In Figure 7, the temporal variation of the horizontal component of the Earth’s field444

H(blue), the quiet daily variation Sq (black), and the disturbed electric current Diono are445

presented for the three longitudinal sectors. The first common pattern is the sharp in-446

crease in the strength of the magnetic field at the SSC. The observed global increase in447

the field strength during the compression of the magnetosphere is explained by the Chap-448

man current (Chapman & Ferraro, 1931). The second global feature is a strong decrease449

associated with the growth of the ring current during the main phase of the storm. Then,450

the recovery phase begins due to gradual decay of the ring current with the north-ward451

turning of the IMF Bz. Note the minimum value of H component with a peak of approx-452

imately -227 nT at the station DLT in the Asian sector. Minimum values of -128 nT and453

-80 nT are recorded at TAM (Africa) and KOU(America) at different local times. The454

storm recovery takes three days to turn back to normality.455

In our last analysis, we employ the wavelet transformation with Diono to obtain a456

complete picture of the periodicities associated with the disturbances. The wavelet power457

spectrum (WPS) of Diono is presented in Figure 8, showing from top to bottom, the Asian,458

African and American sectors. For each station, the values are normalized on a scale of459

0(black) to 10(bright). We observe short-term oscillations (period less than 4 h) and long-460

term oscillations (period between 12 h to 24 h) during the storm period. The short-term461

oscillations are recorded by the magnetometers on the day of the storm. An increase in462

the power of periods between 2 hr and 4 hr during the main phase is evident on the mag-463

netometers in the Asian (DLT) and African(TAM) sectors. Also, short-term oscillations464

are present during the period from 3 to 6 November 2021. Long-term oscillations, on the465

other hand, show highest increase in the power of periods of approximately 10 hr, 12 hr466

and 24 hr.467

4 Conclusion468

We investigated the impact of the intense geomagnetic storm of November 3-6, 2021469

on equatorial and low-latitude ionosphere over Asia, Africa and America. The study is470

based on the analysis of datasets obtained from multiple instruments including GNSS471

receivers, magnetometers and in situ measurements of different spacecraft missions. Fol-472

lowing are the main conclusions of this study:473

• A positive (enhanced TEC) ionospheric storm is observed during the main phase474

of the storm on November 4, 2021 over Asian, African and American sectors. The475
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Table 1. Information of the GNSS and Magnetometer stations used in the analysis.

Instrument Type Station Sector Geographic Latitude Geographic Longitude

GNSS MRO Asia 26.70◦S 116.64◦E

GNSS BRUN Asia 4.97◦N 114.95◦E

GNSS PIMO Asia 14.64◦N 121◦E

GNSS HKSL Asia 22.37◦N 113.93◦E

GNSS MFKG Africa 25.81◦S 25.54◦E

GNSS YKRO Africa 6.86◦S 5.24◦W

GNSS NKLG Africa 0.35◦N 9.67◦E

GNSS DJIG Africa 11.53◦N 42.85◦E

GNSS MAS Africa 15.63◦N 15.63◦W

GNSS CORD America 31.53◦S 64.47◦

GNSS IQQ America 20.27◦S 70.13◦W

GNSS AREQ America 16.46◦S 71.49◦W

GNSS QUI America 0.14◦N 78.47◦W

GNSS BOGT America 4.64◦N 74.08◦W

GNSS SCUB America 20.01◦N 75.70◦W

Magnetometer DLT Asia 11.94◦N 109.1◦E

Magnetometer TAM Africa 5.53◦N 22.79◦W

Magnetometer KOU America 5.91◦N 52.93◦W

storm-time increase of plasma density reached the mid-latitudes in the Asian sec-476

tor as a result of the poleward EIA extension. Negative (TEC depletion) storm477

conditions are prominent over the Asian sector during the recovery phase of the478

storm on November 5, 2021. Factors such as thermospheric composition variabil-479

ity, equator-ward neutral winds, and PPEFs play important roles in the genera-480

tion of positive ionospheric storms. In the absence of an electric field, the storm-481

driven winds play an important role for a plasma density enhancement.482

• The suppression of ionospheric irregularities are observed in the three sectors dur-483

ing the main phase of the storm. The occurrence of ionospheric irregularities are484

detected over American and African sectors during the recovery phase of the storm.485

The strength of plasma irregularities is strong over American sector as compared486

to the African sector. The longitudinal variability in the development/inhibition487

of ionospheric irregularities during geomagnetic storm are potentially associated488

with local time occurrence of maximum ring current and the injection of PEFs dur-489

ing different phases of the storm.490

• The geomagnetic field variations also reveal local time effects associated with day-491

time electric currents. The decrease in the H component of the Earth’s magnetic492

field shows longitudinal variation. The strong decrease is observed in Asian sec-493

tor followed by African and American sectors. Diono also shows longitudinal vari-494

ation during on the storm day. The American sector (nightside) exhibits a large495

positive value of Diono during the main phase. However, the dayside sectors show496

negative value of the Diono during this phase. The Wavelet Power Spectrum vari-497

ation of the magnetometer stations shows stronger amplitudes in Asia and Africa498

with shorter periods approximately 3-4 hr. The three sectors exhibit stronger am-499

plitude with periods 11-12 hr and 24 hr during the storm.500
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Figure 1. Solar wind parameters during CME driven storm of November 3-6, 2021.
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Figure 2. GIM-based distribution of TEC (in panel a, b and c), the deviations of TEC

(∆TEC) with the reference values (in panel aa, bb and cc) over Asia, Africa, America, and

the SYM-H index (bottom) during the CME driven storm of November 3-6, 2021.
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Figure 3. Vertical Total Electron content variation over the Asian, the African and the

American sectors during the CME driven storm of November 3-6, 2021. Each panel shows the

disturbed vTEC (in magenta) and the average quiet value (in blue).
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African, and American sectors during the CME driven storm of November 3-6, 2021.
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Figure 5. Temporal variation of the prompt penetration electric field for Asian (panel a),

African (panel b) and American (panel c) sectors, and the bottom plot represents the SYM-H

index during the CME driven storm of November 3-6, 2021.
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from GUVI-TIMED. The black line represents the geomagnetic equator.
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Figure 7. Magnetic field variation at specific longitude in Asian, African and American sec-

tors during the CME driven storm of November 3-6, 2021.
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Figure 8. Wavelet Power Spectrum variation of Diono at specific longitude in Asian, African

and American sectors during the CME driven storm of November 3-6, 2021.
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