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Abstract19

Solar flares, are rapid increase in solar irradiance specifically in X-ray and Extreme Ul-20

tra Violet spectra, enhance the ionization in the dayside ionosphere and create Sudden21

Ionospheric Disturbances (SIDs). SIDs are known to create space weather impacts on22

the traveling high frequency (HF:3-30 MHz) radio wave, by disrupting the communica-23

tion channels. In this study, we examine a less-known geophysical phenomena that stems24

from a severe X9.3 flare, utilizing SuperDARN HF coherent scatter radars and Global25

Navigation Satellite System (GNSS) Total Electron Content (TEC) observations. Specif-26

ically, we are interested in the transients in the ionospheric electrodynamics at the sub-27

auroral latitude near the terminator stem from the flare effect. Observations suggest that28

flare-induced density gradient likely favor the formation of gradient-drift instability near29

the dawn terminator, leading to the irregularities observed by the SuperDARN radars30

with line-of-sight (LoS) Doppler velocity reaching nearly 300 m/s. The flare amplifies31

the eastward TEC gradient near the dawn terminator by approximately 2-3 times com-32

pared to a geomagnetically quiet day. Observations suggest that flare-induced density33

gradients likely favor the formation of Gradient-Drift Instability near the dawn termi-34

nator, leading to the irregularities observed by the SuperDARN radars. In contrast to35

prior study indicating decreased cross polar-cap potential and associated ionospheric con-36

vection flow, our findings show the flare is followed by an increase in localized electric37

field near the dawn terminator as depicted in radar LoS velocity.38

Plain Language Summary39

Solar flares cause disturbances in the upper atmosphere, particularly in the layer40

containing charged particles called the ionosphere. These disturbances result in sudden41

changes in the Total Electron Content (TEC) of the ionosphere during daytime. Pre-42

vious research has demonstrated that these disturbances affect the propagation of ra-43

dio waves by increasing absorption of high-frequency signals and changing the path lengths44

they travel. Our study focuses on a previously unexplored aspect of these disturbances45

caused by solar flares. We have observed a transient phenomenon occurring in the ra-46

dio waves traveling through the ionosphere during flare events. We aim to understand47

the cause and mechanism behind this phenomenon, which involves instability processes48

in the plasma present in the ionosphere. Through this study, we seek to shed light on49

how these flare-driven plasma instability processes occur and their implications. We used50

SuperDARN radar observations along with GNSS TEC dataset to understand the flare-51

driven sub-auroral latitude ionospheric electrodynamics.52

1 Introduction53

A solar flare is a sudden brightening of solar disk, specifically in X-rays and Ex-54

treme Ultra Violet (EUVs) spectrum. Solar flares are known to create strong perturba-55

tions in the dayside ionosphere by enhancing the photoionization, commonly refereed to56

as Sudden Ionospheric Disturbances (SIDs). SID is a space weather condition that cre-57

ate transients in the dayside ionosphere, specifically disrupts radio communication chan-58

nels including Very Low Frequency (VLF: 3-30 kHz) (e.g., Belcher et al., 2021, & ref-59

erences therein), High Frequencies, (HF: 3-30 MHz) (e.g., Chakraborty et al., 2018, 2019),60

and satellite communications (e.g., Cheng et al., 2019). The flare-driven impact can also61

induce transients in ionospheric current systems which in turn create disturbances in ge-62

omagnetic fields recorded by the ground magnetometers (e.g., Curto et al., 2018; Manju63

& Viswanathan, 2005; Dodson & Hedeman, 1958). Large flares can severely impact high-64

latitude ionospheric electrodynamics and may create detectable signatures in Earth’s mag-65

netosphere via magnetosphere-ionosphere (MI) coupling (Liu et al., 2021). However, there66

are only a few observational studies that have delved into this flare-driven changes in the67

MI coupling processes (e.g., Sergeyev, 1977; Yamauchi et al., 2020).68
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Coherent scatter Doppler radars known to observe scatters from F-region altitudes69

near the dusk terminator (Ruohoniemi et al., 1988), commonly refereed to as Dusk Scat-70

ter Event (DUSE). Later Hosokawa and Nishitani (2010) conducted a statistical study71

using coherent HF radars located in the high (auroral) and middle latitudes, and reported72

DUSE are a recurring phenomena. Additionally, the study reported similar phenomena73

observed near the dawn terminator, and commonly refereed to as Dawn Scatter Event.74

Hosokawa and Nishitani (2010) employed SuperDARN HF radar observations to statis-75

tically demonstrate that even on geomagnetically quiet days F-region irregularities can76

arise near the day-night terminator through the Gradient-Drift Instability (GDI), facil-77

itated by the density gradients near the terminators (e.g., Tsunoda, 1988).78

Gradient Drift Instability (GDI) is an interchange of two elements of fluid plasma79

or the same element with different densities separated by a sharp gradient (Tsunoda, 1988).80

It can be categorized as a modified Rayleigh-Taylor instability (Kelley, 2009). Due to81

external forcing, if a density gradient is present in a magnetized plasma and a slight dis-82

turbance occurs, charge separation can take place which produces a small localized ‘Po-83

larization Electric Field’. The polarization electric field feeds the disturbance and charges84

separation in the presence of a magnetic field, thus producing instability. SuperDARN85

measured irregularities are often observed near terminators, primarily at sub-auroral lat-86

itudes (Hosokawa et al., 2000; Tsunoda, 1988). Hosokawa et al. (2000) showed that so-87

lar flare can also trigger ionospheric irregularities near the day-night terminators, par-88

ticularly at sub-auroral latitudes, specifically near the equatorial boundary of the auro-89

ral oval. However, there are not many studies that have reported and explained the mech-90

anism of such events.91

Extreme solar flares can increases the likelihood of GDI-generated F-region irreg-92

ularities by amplifying plasma density gradients near the terminator. (Hosokawa et al.,93

2000) noted these irregularities emerging at auroral latitudes, especially at the equator-94

ward boundary of convection return flow. Furthermore, their study uncovered distinct95

magnetometer responses on the poleward and equatorward sides of the irregularity struc-96

ture. Notably, magnetometers located toward the poleward side exhibited prolonged and97

more pronounced deviations in horizontal geomagnetic components following the flare.98

Other prior studies (e.g., Yamazaki & Maute, 2017; Yamauchi et al., 2020) speculated99

that variances in magnetometer responses across latitudes may stem from the electric100

field or conductivity structure discontinuities. However, the studies did not provide any101

quantification against the GDI growth rates.102

This study presents less known ionospheric phenomena captured by HF radars lo-103

cated at high latitudes following a massive X9.3-class flare that occurred on September104

6, 2017 that peaked at 12:02 UT. A novel data analysis approach utilizing a horizontal105

Total Electron Content (TEC) gradient, alongside line-of-sight (LoS) Doppler velocity106

from SuperDARN radars, is employed to compute a growth rate proxy of the instabil-107

ity, which is considered to be GDI. Notably, our findings include: (1) the sudden appear-108

ance of field-aligned irregular structures in the high-latitude dawn sector aligned with109

the ionospheric convection return flow with a peak LoS velocity ∼ 300 m/s; and (2) a110

3-4 times amplification in the instability growth rate proxy as compared to low geophys-111

ical activity days. Moreover, we ascertain that the commencement of GDI in the high-112

latitude region is predominantly triggered by the enhanced horizontal gradient (as in-113

dicated by the TEC data) and the enhanced ionospheric electric field (as indicated by114

the SuperDARN LOS velocity measurements).115
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2 Datasets and Methodology116

2.1 GDI Formation Mechanism117

Near the sub-auroral latitude dawn terminator at the F region heights, we observe118

a sharp plasma density gradient from night to the dayside. Being a dayside phenomenon119

solar flares significantly increase the density gradient compare to a geophysically quiet120

day, which leads to a suitable scenario to stem GDI. GDI formation mechanism is pri-121

marily dependent on the geometry of the density gradient of two fluids, background elec-122

tric, magnetic fields, and plasma flow direction, which are different in the F-region al-123

titudes. Note that near the dawn/dusk terminator, the F-region is not well-formed at124

the nightside, compared to the dayside. Thus, we use F-region to refer to altitudes where125

electrons/ions are both collisionless (≥150 km).126

Figure 1. Schematic showing formation of GDI in a flare-modified ionosphere near the dawn

terminator: (a) formation mechanism of GDI in F-region ionosphere and directions of background

parameters (E⃗0,B⃗0,∇n⃗), Hall drift velocity (v⃗0), polarization E-field (δEp), and Hall drift under

polarization E-field (v⃗p); (b) GDI formation and geometry of the background parameters near

dawn side terminator (06 MLT). Parameters and associated directions in panel (a) are color-

coded.

Figure 1 puts the geometry of the GDI formation mechanism in the context of the127

dawn side F-region ionosphere. The ambient electric field at F-region height is projected128

from the magnetosphere and near the dawn side ionosphere is along the x-axis (it is equa-129

torward directed or north-to-south). The ambient magnetic field is out of the page, along130

the z-axis (at the high latitude it is northward directed and tilted towards the ground).131

At F-region altitude both ions and electrons are collisionless. The charge separation at132

F-region altitude is produced through the large Pedersen mobility of the ions as com-133

pared to that of electrons. The Pedersen mobility ion (due to their heavy weights) causes134

a charge separation that leads to polarization electric field along the x-axis (along the135

terminator) which can grow into instability.136

The strength of the background parameters plays a significant role in determining137

if the instability will form or not. Flare will certainly enhance the west-east gradient near138

the terminator (refer to Figures 1), which makes it more favorable for GDI formation.139

In this study we provide empirical evidence that the GDI is the formation mechanism140

of the sudden appearance of IS observed at the high latitude radars. We can use the GDI141

growth rate to quantify the chance of GDI occurrence relative to a geophysically quiet142
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day and validate if it is the primary source of the IS observed by the SuperDARN radars.143

The GDI growth rate [first-order approximation] can mathematically be described be-144

low [equation (1) (Tsunoda, 1988)]145

γ =
V0

n0

∂n0

∂ϕ
(1)

where, γ, V0, n0, and ϕ are GDI growth rate, plasma flow velocity, background electron146

density at F-region altitude, and longitude, respectively. Hence, ∂n0

∂ϕ represents the gra-147

dient of n0 along longitude [a horizontal component of electron density gradient along148

east-west].149

We know that the GDI growth rates get impacted by the diffusion near the diffu-150

sive subranges (wave number ranges where diffusion dominates and impedes growth of151

the instability) (e.g., Kelley, 2009). In this study we used the most simplified form of the152

liner GDI growth rate 1. However, at diffusive subranges, we can expect plasma diffu-153

sion (parallel and ambipolar) that leads to dissipation of the GDI spawn waves, specif-154

ically smaller wave number (k), and the equation becomes γ = V0

n0

∂n0

∂ϕ − k2D⊥, where155

k and D⊥ are the wave number and diffusion constant. This term suggests that while156

a gradient tries to spawn instability the small-scale wave structures can be damped by157

the diffusion process. Instability stems from GDI with a large wavelength (small wave158

number k) less susceptible to diffusion and leads to efficient instability growth. Follow-159

ing Kelley (2009), we find a reasonable non-diffusive F-region critical wavelength is 3-160

meters, suggesting any instability wave stem by GDI above 3-meters would not be dis-161

sipate through diffusion. Given SuperDARN observes decameter scale irregularities ( 30162

meter wavelength range), above the critical wavelength at F-region, hence the observed163

structures using SuperDARN is physical and can be backed by the above theory.164

2.2 Super Dual Auroral Radar Network165

Super Dual Auroral Radar Network, SuperDARN, is an international collabora-166

tion of HF radar network that spans the middle, high, and polar latitudes of both hemi-167

spheres (Greenwald et al., 1985; Chisham et al., 2007; Nishitani et al., 2019). The sys-168

tem employs 16-24 azimuthal beams covering 75-110 range gates spaced by 45 km start-169

ing from the 180 km group range. A 3-s or 6-s integration time per beam results in a full170

radar sweep within 1-2 minutes. Prior studies have utilized ground scatter (GS) Super-171

DARN echoes for characterizing flare impact observed by HF communication channels (Watanabe172

& Nishitani, 2013; Chakraborty et al., 2018), whereas this study employs ionospheric scat-173

ter (IS) to detect flare-driven ionospheric electrodynamics transients. This investigation174

focuses on SuperDARN radar fields-of-view (FoV) distributed across the Northern Amer-175

ican sector (Figure 2(a)). The radars shown in Figure 2(a) probe high/auroral latitudes,176

with beam 7 of Saskatoon and Prince George and beam 10 of Kodiak radars highlighted177

in blue. The gray-shaded area signifies the nightside of Earth at F-region altitudes (300178

km) during the peak of the X9.3 class flare on 6 September 2017, at 12:02 UT. The red179

shaded area indicates a 3◦×3◦ region that is used to calculate a horizontal TEC gra-180

dient, investigate the source of IS observed by the radars, and numerically quantify the181

effects following the solar flare.182

2.3 GNSS TEC183

In this research, Global Navigation Satellite System (GNSS) Total Electron Con-184

tent (TEC) data play a pivotal role (David & Sojka, 2019). TEC data serve as a proxy185

for the peak electron density (Nishioka et al., 2021). To show the electron density gra-186

dient at F-region altitudes along latitude and longitude, we utilized the horizontal gra-187

dient of TEC [∇(λ,ϕ)TEC, where λ denotes latitude and ϕ denotes longitude] (Jakowski188

& Hoque, 2019). Our analysis involves utilizing vertical TEC observations from the MIT189

Haystack Madrigal database, sourced from various stations situated across the North Amer-190

ican sector (Coster et al., 2017). For this study we are going to use the horizontal gra-191
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Figure 2. Fields-of-View of the SuperDARN high latitude radars used in this study. The

radars are Saskatoon [SAS], Prince George [PGR], and Kodiak [KOD]. The regions enclosed by

the blue lines indicate beam 7 for SAS and PGR and beam 10 for KOD radar, respectively. The

nightside at F-region heights is indicated by grey shading. The red-shaded region indicates a

3◦ × 3◦ cell (λ, ϕ = 60◦,−105◦) used to investigate the source of IS observed by the radar and

numerically quantify the effects (see text for details).

dient of TEC as a proxy of NmF2 and to quantify growth rate of GDI. While the time192

derivative of the TEC has been used to show the temporal variations of various geophys-193

ical phenomena (Amaechi et al., 2021), the spatial gradient in TEC observations can be194

very useful to identify and analyze large-scale spatial structures like sub-auroral iono-195

spheric trough (Nishimura et al., 2021), traveling ionospheric disturbances (Belehaki et196

al., 2020), tongue of ionization (Klimenko et al., 2019) etc.197

2.3.1 Estimating horizontal gradient of TEC198

To show the electron density gradient along latitude and longitude:199

∇(λ,ϕ) =
∂2TEC

∂λ∂ϕ
(2)

In a study, conducted by Jakowski and Hoque (2019), a novel approach was introduced200

for the calculation of horizontal components of TEC gradient using slant TEC data. This201

innovative method involved selecting specific TEC components based on their associated202

elevation angles, a technique essential for obtaining accurate horizontal information from203

the TEC measurements. Moreover, the study revealed a significant correlation between204

density gradients in the ionosphere and the occurrence of solar flare-induced SIDs. We205

employ the similar technique described in the literature to compute spatial gradient in206

TEC.207

Figure 3 presents the longitudinal (east-west component of the horizontal) gradi-208

ent ( ∂
∂ϕTEC) from vTEC obtained from Madrigal Website, which provides 1◦×1◦ latitude-209

longitude girded vTEC data in 5-minute cadence in gray shading. Figure also presents210

gradients computed on 3◦×3◦ latitude-longitude grids, as shown by the black quivers.211

The day-night terminator is overlaid on top of the map at 11:47 UT. From this analy-212

sis. Note that, we binned 1◦ × 1◦ latitude/longitude gridded TEC into a 3◦ × 3◦ lati-213
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Figure 3. Example plots describing the methodology of extracting horizontal TEC gradients

from the Madrigal Website, girded into 3◦ × 3◦ latitude-longitude grid.

tude/longitude bin to calculate the horizontal gradient and reduce noises in the estimated214

gradient. We tested 1◦× 1◦, 2◦× 2◦, and 3◦× 3◦ grids to calculate TEC gradient and215

find that a 3◦× 3◦ latitude-longitude gridded observation reduces the noise and orga-216

nizes the gradient as expected near the terminator (please refer to supplementary doc-217

ument).218

The precision of the TEC measurement comes from various sources including mea-219

surement of carrier phase data, calculation, binning the data into latitude/longitude grids,220

number of receivers in a bin, elevation angle etc. We used 1◦ × 1◦ latitude/longitude221

TEC grid dataset for this analysis from MIT Madrigal database. By checking the val-222

ues of errors listed in the TEC files we confirm that most of the errors in TEC measure-223

ment are less than 0.3 TECu, which is <7% relative error in the observations, suggest-224

ing the datasets can be used to estimate TEC gradient.225

2.4 ISR Tromsø Observations226

While solar flares increase ionization on the total dayside ionosphere, the impact227

is not proportional in all ionospheric regions (e.g., Huang et al., 2014; Qian et al., 2010;228

Chamberlin et al., 2020). The data presented in Figure 4 is electron density observation229

from EISCAT Tromsø ISR VHF (224 MHz) radar located at 69o geographic latitudes,230

looking northward at its lowest elevation angle (30o) above the horizon towards the ge-231

ographic North (360o) azimuth. The top panels show the electron density as a function232

of altitude and time showing a rapid enhancement of photoionization near the solar flare233

peak indicated by the vertical black line. We can see a significant density enhancement234

in all ionospheric regions. Analysis of the electron density at different altitudes (shown235

in the middle panel) provides a deeper understanding of the electron density profile fol-236

lowing the solar flare. The ratio of electron density during the peak of the flare to the237

background (indicated by θNe) and absolute change to the background (indicated by δNe)238

is also listed on the panel. We see a significant change in electron density at around 100239
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Figure 4. Ionospheric line-of-sight electron density observations from EISCAT Tromsø VHF

(224 MHz) radar, located at 69◦ gegraphic latitude position looking geographic northward (az-

imuth angle = 0◦) at its lowest elevation angle (30◦). From top to bottom panels present time

series of: (a) electron density profile, (b) electron density at specific heights (100, 120, 160, and

220 km altitudes in red, blue, green, and black), and (c) height integrated electron density from

70-130 km altitudes (in red) and 130-250 km altitudes. The vertical black line in all panels repre-

sents the peak of the X9.3 class solar flare.
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km altitude. The change drops around 120 km, increases around 150 km, and peaks around240

220 km. Finally, the bottom panel shows the integrated electron density for the D and241

E regions (between 70-130 km in red) and the F-region (between 130 and 250 km, in blue),242

respectively. This data set represents the total amount of energy deposition as a func-243

tion of ionospheric region/altitude followed by the flare and associated change in TEC244

observations. While the percentage change in D/E-regions together is about 240% than245

background the same for F-region is around 160%. In contrast absolute electron content246

change at F-region altitude is 12.9×1012 m−2, which is much larger than the same in247

D and E-regions together 4.6×1012 m−2. Analysis suggests that while we can expect248

the percentage change to be highest at lower ionospheric altitudes the absolute change249

is much higher at the F-region altitudes, and these findings are consistent with the pre-250

vious studies (e.g., Chakraborty et al., 2021, and references there in). The F-region is251

determined to be responsible for 73.7% of the total increase in TEC, with the remain-252

der originating from the bottomside ionosphere.253

3 Observations254

This section introduces the event by showing the interplanetary magnetic field (IMF),255

solar wind, and othe geophysical conditions including solar irradiance, geomagnetic in-256

dices, and ionospheric response from the Saskatoon (SAS) SuperDARN radar. On Septem-257

ber 6, 2017, an extreme X9.3 class flare erupted from solar active region AR 12673, mark-258

ing the most intense flare of the last solar cycle (2008-2019). Its onset and peak occurred259

at 11:56 and 12:02 UT, respectively. Figure 5(a-e) presents the geophysical conditions260

and Saskatoon radar response, encompassing: (a) solar X-ray irradiance from GOES-15261

satellite X-ray sensor with two channels 0.1-0.8 nm and 0.05-0.4 nm, (b) interplanetary262

magnetic fields, (c) solar wind velocity (in magenta), proton density (in black) and dy-263

namic pressure (in blue), (d) ASYM-H/SYM-H indices depicting ring current responses,264

(e) auroral indices characterizing auroral electrojets (AE, AL, and AU), and (f) a range-265

time intensity (RTI) plot showcasing Line-of-Sight (LoS) Doppler velocity recorded along266

beam 7 of the SuperDARN Saskatoon radar. Note that another X-class (X1.2) flare pre-267

ceding this event, with the subsolar point over Central Europe, had no impact on Su-268

perDARN radars over North America which were on the nightside at that moment. How-269

ever, it elevated the background electron density as compared to a typical quiet day. The270

solar irradiance following the X9.3 class flare remained elevated for approximately 12 hours,271

which caused wide-scale HF disruption (e.g., Chakraborty et al., 2019; Frissell et al., 2019).272

After the flare, other smaller X- and multiple M-class flares emerged during its decay273

phase. Both IMF B(y,z) ranged between (-2 nT, -4 nT), which is indicative of a polar274

ionosphere with a nearly symmetrical two-cell convection pattern. Solar wind param-275

eters suggest that there was a relatively small sudden enhancement in solar wind pro-276

ton density and dynamic pressure around 8 UT. AE and AL indices showed heightened277

values from around 8 UT, and AE and AU indices exhibited transient enhancements. Yamauchi278

et al. (2020) showed an enhancement in the auroral current system was triggered by the279

solar flare. Additionally, we observed a transient enhancement in the partial ring cur-280

rent system [ASYM-H, panel (d) blue curve], signifying modifications in the dayside mid-281

dle and low latitude current structures. Finally, we see the sudden appearance of high-282

velocity ionospheric scatter (red patch after the vertical red line) in the SuperDARN Saska-283

toon radar observations following the solar flare (indicated by the vertical black line),284

which lasted for approximately 3 hours.285

For comparison, we choose 30th August 2017 as a geomagnetically quiet day, which286

only experienced a single M-class flare later in the Universal Time (UT) day. Interest-287

ingly, the IMF observations for both days show no substantial differences, with the IMF288

fluctuating around 0 nT on both occasions. Quiet day selection criteria fit many days289

in August 2017, but we are also interested in a day where SAS radar observed ionospheric290
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data near the dawn terminator, so that we can estimate growth rate proxy and compare291

between quiet and event days.292

We did a virtual height and spectral (decay rate) analysis of the backscatter echoes293

observed by the SAS radar (blob that appeared between 1000-2000 km after the flare294

peak 12:02 UT and near the day-night terminator) to confirm its possible altitude lo-295

cation and sources. The virtual height models suggested that the backscatter echoes were296

most likely coming between virtual heights of 350-650 km (Chisham et al., 2007). Ad-297

ditionally, the spectral analysis shows a higher decay rate of the backscatter echo pop-298

ulation suggesting the echoes were ionospheric. Consequently, this analysis suggests that299

these are ionospheric backscatter from 150 km and above. We analyzed the dataset from300

all the radars used in this study, and they agreed with this conclusion. We have added301

the figures in the supplementary document to support this claim and for the readers. Ad-302

ditionally, from previous studies, we understand these dawn/dusk scatters appearing near303

the terminators are F-region ionospheric scatter (Hosokawa & Nishitani, 2010).304

SuperDARN radars strategically positioned across the North American sector, as305

depicted in Figure 2, captured the sudden emergence of ionospheric irregularity backscat-306

ters, occurring from minutes to hours after the peak of the flare. Figure 6 presents RTI307

plots of LoS Doppler velocity from SuperDARN radars probing auroral latitudes, span-308

ning the period from 11 to 17 UT on September 6, 2017. Panels (a-c) feature observa-309

tions from beam 7 of radars Saskatoon (SAS), Prince George (PGR), and beam 10 of310

Kodiak (KOD), respectively. The vertical black line corresponds to the flare peak, while311

the gray-shaded region signifies the zone with a solar zenith angle greater than 90◦ at312

F-region altitude (∼ 300 km), indicating the nightside. The radars observed the phenom-313

ena about 3, 3 hours 25 minutes and 2 hours 30 minutes, respectively. Note the sudden314

emergence of high-velocity ionospheric scatter (IS) near the day-night terminator for all315

three radars. Key observations include: (1) the abrupt emergence of field-aligned irreg-316

ularity formations (red or blue color-coded high-velocity IS) immediately after the dawn317

terminator; (2) longer duration and stronger intensity of LoS Doppler velocity linked with318

flare-induced IS compared to a quiet day; (3) although the flare peaked at 12:02 UT, radars319

in the pre-dawn sector only recorded the field-aligned irregularities once their beams (or320

Fields-of-View) transitioned into the sunlit sector (near to the dawn terminator). The321

feature is not moving or co-rotating, rather radars are co-rotating with the Earth and322

as their fields-of-view reach near the terminator, they start recording the observations.323

To investigate the source of these IS echoes, Figure 7 presents a map of the east-324

west horizontal gradient of TEC for the event date (6 September on the left column [a-325

b]) and compares it with a geophysically quiet day (30 August on the right column [c-326

d]) at the same UT time. We compared the observations between the selected days be-327

fore the event time (top row [a,c]) and after the event time (bottom row [b,d]). Key ob-328

servations encompass: (1) the sudden appearance of high velocity IS following the flare329

on the flare day, while the IS already existed on the quiet day; (2) the spatial extent and330

velocity of the IS that appeared on the flare day are significantly larger and stronger than331

that during the quiet day. Note that not all quiet days show IS near the dawn termina-332

tor. These findings argue that the sudden appearance of high-velocity IS on Sep 6, 2017333

is related to the solar flare occurring at the same time.334

4 Discussion335

Ionospheric F-region irregularities arise from plasma density fluctuations that un-336

dergo amplification through diverse plasma instability processes (Fejer & Kelley, 1980;337

Keskinen & Ossakow, 1983; Tsunoda, 1988). The emergence of GDI near the dawnside338

F-region ionosphere hinges upon the specifics of E-field and B-field geometry, coupled339

with plasma flow direction, and the magnitudes of these parameters (Tsunoda, 1988).340

Near the dawn terminator, the plasma density gradient is oriented primarily from west341
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Figure 5. For the X9.3 class solar flare of 6th May 2017 the following parameters are shown:

(a) solar irradiance from GOES-15 satellite, (b-c) IMF and solar wind [SW] conditions, (d) SYM-

H (in black) and ASYM-H (in blue) indices, (e) auroral electrojets (AL [in blue], AE [in black],

AU [in red]), and (f) a range-time intensity (RTI) plot displaying the Line of Sight Doppler ve-

locity for beam 7. The vertical black line in all panels represents the peak of the X9.3 class solar

flare.
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Figure 6. LoS Doppler velocity range-time intensity plot, observed by the SuperDARN high

latitude radars situated across the Canadian sector (refer to Figure 2). The gray-shaded regions

indicate nighttime at 300-km altitude over the Field of View of the corresponding radar beam.

The vertical black line represents the peak of the X9.3 class solar flare at 12:02 UT.
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Figure 7. FoV plots of LoS Doppler velocity (color-coded by the color bar in panel (c))

recorded by the SuperDARN SAS radar overlaid with east-west TEC gradient (in black). The

black arrows represent the TEC gradient along the longitude and have units in TECu/◦. The left

(a-b) and right (c-d) columns present the observations during the X9.3 class flare on 6 September

2017 and the geomagnetic quiet day on 30 August 2017, respectively. The horizontal gradient of

TEC is calculated in the 3◦ × 3◦ grid cell shown in Figure 2.
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to east. The ambient electric field, extending from the magnetosphere to the dawn side342

ionosphere, is directed equatorward (Ruohoniemi & Greenwald, 1996). The geometry343

near the dawn terminator, as shown in Figure 1, shows favorable conditions for GDI for-344

mation (Tsunoda, 1988). However, it is imperative to consider the magnitude of these345

physical parameters. Here we present evidence that the appearance of SuperDARN IS346

is primarily attributable to GDI, taking into account the plasma velocity and density347

gradient strengths.348

In Section 2 we described how background parameters modulates the GDI via growth349

rate as shown in equation 1. Since we do not have measurements at individual point in350

space we need to adapt equation 1 to calculate a proxy for GDI growth rate. The GDI351

growth rate proxy is calculated using the east-west component of the SuperDARN LoS352

velocity (V ′
0 = Vlos

cosθ , where θ is the azimuth angle of the measured velocity vector) and353

TEC data (n′
0). The ‘GDI growth rate proxy’ given below, is deduced based on the first-354

order approximation of the GDI growth rate:355

γ′ = V ′
0 × 1

n′
0

∂n′
0

∂ϕ
(3)

Figure 8 offers a juxtaposition of GDI growth rate proxy values during the X9.3356

solar flare on September 6, 2017 (depicted as black dots) and on a geomagnetically quiet357

day on August 30, 2017 (illustrated as red dots), for a high latitude (∼ 60◦). The top-358

to-bottom panels show TEC, TEC gradient with longitude (ϕ), i.e.,
∂n′

0

∂ϕ , east-west com-359

ponent of the SuperDARN LoS Doppler velocity (V ′
0), and growth rate proxy (γ′), re-360

spectively. The red vertical lines across all panels denote the solar flare peak at 12:02361

UT. Notable findings are: (1) increase in n′
0,

∂n′
0

∂ϕ , and V ′
0 on the flare day compared to362

quiet geomagnetic days, influencing γ′, which is evident in the bottom panel; (2) signif-363

icantly higher LoS Doppler velocity within the high latitude sector, resulting an ≈3-4364

times higher γ′ compared to the quiet day. By comparing panels (b) and (c) we see an365

approximately two-fold increase in zonal gradient of TEC, accompanied by a ∼10-fold366

increase in ion drift velocity as compared to the quiet day, suggesting an enhanced elec-367

tric field at auroral latitudes in the dawn sector. As IS recorded by all the radars did368

not appear until the day-night terminator reach the FoV of the radars. Therefore, it is369

unlikely that the sources of the ionospheric scatter observed by the three radars are re-370

lated to a substorm or other solar wind-driven phenomena. Drawing on empirical ev-371

idence presented in Figure 8 and work by Baker et al. (1986) and Hosokawa et al. (2000),372

we deduce that the abrupt irregularity appearance results from GDI triggered by flare-373

amplified plasma density gradients in the vicinity of the terminator. The polarizing elec-374

tric field, induced by the charge separation due to the density gradient near the termi-375

nator, aligns with the background electric field, inducing Hall drift velocity along the back-376

ground drift. In this context, the background plasma drift near the equatorward dawn377

terminator is characterized by Hall drift return flow of the ionospheric convection. Fig-378

ure 7 shows that all radars detected LoS Doppler velocities, which are consistent with379

an eastward flow direction.380

Using a SuperDARN polar-latitude radar (Inuvik) and a geospace coupled model381

LTR, Liu et al. (2021) showed a reduction in Cross Polar-Cap Potential (CPCP) and as-382

sociated ionospheric convection flow velocity from radar following the same X9.3 flare383

on Sep 6, 2017. LTR model showed that the flare created an earthward displacement of384

the magnetopause. The study argues that the reduction in CPCP stem from a recon-385

figuration of magnetosphere convection and a decrease in the reconnection electric field.386

Their study showed that a sudden reduction in cross-polar electric field leads to a reduc-387

tion in Joule heating, although flare enhanced ionospheric conductivity via sudden ion-388

ization. Our results suggest an increase in localized (near the dawn terminator) electric389

field indicated by the enhanced LoS velocity measurements from three SuperDARN au-390

roral radars. This suggests a localized electric field enhancement. One possible source391
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Figure 8. Comparison of four parameters, namely (a) Total Electron Content, (b) east-west

horizontal gradient in TEC, (c) LoS Doppler velocity, and (d) proxy of the GDI growth rate,

is performed for two specific dates: 6 September 2017 (shown in black) and 30 August 2017

(shown in red). The analysis focuses on a high latitude cell centered at geographic coordinates

(λ, ϕ = 60◦,−105◦), which is indicated by the red shaded region mentioned in Figure 2 and rep-

resented by red circles in Figure 4(d). The cell’s location is based on a 3◦ × 3◦ latitude-longitude

grid.
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of this localized electric field enhancement can be the superposition of the polarization392

E-field that drives the GDI with the background ionospheric E-field. The background393

ionospheric E-field is imposed from the magnetosphere. The polarization E-field is gen-394

erated from the separation of the charge along the dawn terminator. However, there are395

other mechanisms that may create localized intensification. While the cross-polar elec-396

tric field is reduced due to a reduction in the efficiency of mechanical energy conversion397

in the dayside solar wind–magnetosphere, there can be pockets of localized enhanced elec-398

tric field that drive high-velocity plasma flows. A comprehensive data-model study will399

be required to understand the sources of this localized E-field intensification.400

Given our understanding that SuperDARN-observed IS is likely derived from flare-401

driven Gradient Drift Instability, the subsequent inquiry arises: What are the physical402

factors that could impact the mechanism driving GDI? Examining the geometry depicted403

in Figure 1 and equation 3, we ascertain that explicit parameters include the orienta-404

tions of the background electric and magnetic fields with respect to the density gradi-405

ent, the length scale of the density gradient, and the magnitude of the plasma flow ve-406

locity. To delve deeper into this analysis, we plan to undertake a subsequent modeling407

investigation.408

5 Summary409

In this investigation, we explored the impacts of an imposing X9.3-class flare, peak-410

ing at 12:02 UT on September 6, 2017, on the ionosphere’s dawn side, as observed by411

SuperDARN HF radars located at high and middle latitudes. Using the SuperDARN ob-412

servations and GNSS TEC data, we reported the following:413

1. Features observed in SuperDARN: A sudden emergence of ionospheric scatter (IS)414

near the day-night terminator at high latitudes following the X9.3 flare were ob-415

served. The LoS Doppler velocity direction of these irregularities concurs with the416

convection flow’s orientation adjacent to the equatorward border of the dawn ter-417

minator. High latitude radar-recorded LoS Doppler velocities reach ∼ 300 m/s,418

significantly surpassing levels observed during the geomagnetically quiet day.419

2. Features observed in TEC and growth rate proxy, γ′: We observed an increased420

absolute Total Electron Content (TEC) and east-west TEC gradient near the dawn421

terminator after the X9.3 flare, compared to quiet geomagnetic days. The inten-422

sified density gradient creates favorable conditions for the Gradient-Drift Insta-423

bility (GDI), apparent in γ′. GDI’s growth rate proxy surges 3-4 times at the high424

latitude sector, relative to geomagnetically quiet days.425

This study is one of the few observational record presenting flare-induced GDI-generated426

field-aligned irregularities recorded by the high latitudes SuperDARN radars. We found427

sudden appearance of SuperDARN IS is likely to be attributed to field-aligned irregu-428

larities generated by GDI, resulting from the flare-amplified east-west plasma gradient429

at F-region altitudes. How flare-altered ionospheric properties like conductivity and elec-430

tric fields effect irregularity formation remains unclear. A comprehensive study combin-431

ing first-principles modeling with ISR/satellite data on electron density and electric fields432

is necessary. This will help us identify geophysical parameters modulating flare-driven433

GDI and sources of localized electric field enhancements seen by SuperDARN.434

Open Research435

All the data and Python code are uploaded into the Zenodo available for public436

use (Chakraborty, 2022). The analysis and visualization were completed with the help437

of free, open-source software tools such as matplotlib (Hunter, 2007), IPython (Perez &438

Granger, 2007), pandas (McKinney, 2010), pyDARN (Shi et al., 2022), and others (e.g.,439
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the use TEC dataset obtained from the MIT Madrigal Database (http://millstonehill448
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SAC (Argentina), CORS (Panama), Arecibo Observatory, LISN, Topcon, CHAIN (Canada),451

CRS (Italy), SONEL, RENAG (New Zealand), GNSS Reference Networks, Finnish Me-452

teorological Institute, and SWEPOS. IMF, solar wind parameters, and geomantic con-453

ditions observations were obtained from the OMNI website: https://omniweb.gsfc.nasa454

.gov (Papitashvili & King, 2020).455

Acknowledgments456

SC thanks the Japanese Society for Promotion of Science (ID: PE22027) and the ISEE457

International Joint Research program for funding this research. SC also thanks to the458

National Science Foundation (NSF) for support under grants AGS-2512183 and AGS-459

2452540. XS was supported by NSF under grants AGS-1935110 and AGS-2025570, and460

by NASA under grants 80NSSC21K1677 and 80NSSC21K1683. AJC acknowledges sup-461

port from ONR Grant N00014-17-1-2186 and N00014-22-1-2284 GPS TEC data prod-462

ucts and access through the Madrigal distributed data system are provided to the com-463

munity (http://www.openmadrigal.org) by the Massachusetts Institute of Technology464

(MIT) under support from US National Science Foundation grant AGS-1952737. We ac-465

knowledge the use of SuperDARN data. SuperDARN is a network of radars funded by466

national scientific funding agencies of Australia, Canada, China, France, Italy, Japan,467

Norway, South Africa, the United Kingdom, and the United States of America.468

References469

Amaechi, P. O., Akala, A. O., Oyedokun, J. O., Simi, K. G., Aghogho, O., &470

Oyeyemi, E. O. (2021). Multi-instrument investigation of the impact of471

the space weather events of 6–10 september 2017. Space Weather , 19 (12),472

e2021SW002806. Retrieved from https://agupubs.onlinelibrary.wiley473

.com/doi/abs/10.1029/2021SW002806 (e2021SW002806 2021SW002806) doi:474

https://doi.org/10.1029/2021SW002806475

Baker, K. B., Greenwald, R. A., Walker, A. D. M., Bythrow, P. F., Zanetti, L. J.,476

Potemra, T. A., . . . Rino, C. L. (1986). A case study of plasma processes in477

the dayside cleft. J. Geophys. Res, 91 , 3130-3144.478

Belcher, S. R. G., Clilverd, M. A., Rodger, C. J., Cook, S., Thomson, N. R., Brun-479

dell, J. B., & Raita, T. (2021). Solar flare x-ray impacts on long subiono-480

spheric vlf paths. Space Weather , 19 (11), e2021SW002820. Retrieved481

from https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/482

2021SW002820 (e2021SW002820 2021SW002820) doi: https://doi.org/483

10.1029/2021SW002820484

Belehaki, A., Tsagouri, I., Altadill, D., Blanch, E., Borries, C., Buresova, D., . . .485

Watermann, J. (2020, August). An overview of methodologies for real-time486

detection, characterisation and tracking of traveling ionospheric disturbances487

developed in the TechTIDE project. Journal of Space Weather and Space488

Climate, 10 , 42. doi: 10.1051/swsc/2020043489

Chakraborty, S. (2022). shibaji7/highlatitudesfe: Flare effects on high latitude elec-490

–17–



manuscript submitted to JGR: Space Physics

trodynamics (version v1). Zenodo. Retrieved from https://doi.org/10.5281/491

zenodo.7329317492

Chakraborty, S., Baker, J. B. H., Ruohoniemi, J. M., Kunduri, B., Nishitani, N.,493

& Shepherd, S. G. (2019). A study of superdarn response to co-occurring494

space weather phenomena. Space Weather , 17 (9), 1351-1363. Retrieved from495

https://doi.org/10.1029/2019SW002179496

Chakraborty, S., Qian, L., Ruohoniemi, J. M., Baker, J. B. H., Mclnerney, J. M.,497

& Nishitani, N. (2021). The role of flare-driven ionospheric electron den-498

sity changes on the doppler flash observed by superdarn hf radars. Journal499

of Geophysical Research: Space Physics, 126 (8), e2021JA029300. Retrieved500

from https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/501

2021JA029300 (e2021JA029300 2021JA029300) doi: https://doi.org/10.1029/502

2021JA029300503

Chakraborty, S., Ruohoniemi, J. M., Baker, J. B. H., & Nishitani, N. (2018).504

Characterization of short-wave fadeout seen in daytime superdarn ground505

scatter observations. Radio Science, 53 (4), 472-484. Retrieved from506

https://doi.org/10.1002/2017RS006488507

Chamberlin, P. C., Eparvier, F. G., Knoer, V., Leise, H., Pankratz, A., Snow,508

M., . . . Woods, T. N. (2020). The flare irradiance spectral model-version 2509

(fism2). Space Weather , 18 (12), e2020SW002588. Retrieved from https://510

agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2020SW002588511

(e2020SW002588 10.1029/2020SW002588) doi: https://doi.org/10.1029/512

2020SW002588513

Cheng, N., Song, S., & Xie, H. (2019). Investigation of solar flares impact on514

gps/bds/galileo broadcast ionospheric models. Radio Science, 54 (1), 91-103.515

Retrieved from https://agupubs.onlinelibrary.wiley.com/doi/abs/516

10.1029/2018RS006591 doi: https://doi.org/10.1029/2018RS006591517

Chisham, G., Lester, M., Milan, S. E., Freeman, M. P., Bristow, W. A., Grocott,518

A., . . . Walker, A. D. M. (2007). A Decade of the Super Dual Auroral Radar519

Network (superdarn): Scientific achievements, new techniques and future direc-520

tions. Surveys in Geophysics, 28 , 33-109. Retrieved from https://doi.org/521

doi: 10.1007/s10712-007-9017-8522

Coster, A. J., Goncharenko, L., Zhang, S.-R., Erickson, P. J., Rideout, W., & Vier-523

inen, J. (2017). Gnss observations of ionospheric variations during the 21524

august 2017 solar eclipse. Geophysical Research Letters, 44 (24), 12,041-12,048.525

Retrieved from https://agupubs.onlinelibrary.wiley.com/doi/abs/526

10.1002/2017GL075774 doi: https://doi.org/10.1002/2017GL075774527

Curto, J. J., Marsal, S., Blanch, E., & Altadill, D. (2018). Analysis of the solar flare528

effects of 6 september 2017 in the ionosphere and in the earth’s magnetic field529

using spherical elementary current systems. Space Weather , 16 (11), 1709-1720.530

Retrieved from https://doi.org/10.1029/2018SW001927531

David, M., & Sojka, J. J. (2019). Madrigal gps-tec maps of the high-latitude north-532

ern hemisphere 2009-2017 [data set]. Utah State University. Retrieved from533

https://doi.org/10.26078/A7G8-5M30534

Dodson, H. W., & Hedeman, E. R. (1958). Crochet-associated flares. J. Astrophys,535

128 , 636-645.536

Fejer, B. G., & Kelley, M. C. (1980). Ionospheric irregularities. Reviews of Geo-537

physics, 18 (2), 401-454. Retrieved from https://agupubs.onlinelibrary538

.wiley.com/doi/abs/10.1029/RG018i002p00401 doi: https://doi.org/539

10.1029/RG018i002p00401540

Frissell, N. A., Vega, J. S., Markowitz, E., Gerrard, A. J., Engelke, W. D., Er-541

ickson, P. J., . . . Bortnik, J. (2019). High-frequency communications542

response to solar activity in september 2017 as observed by amateur ra-543

dio networks. Space Weather , 17 (1), 118-132. Retrieved from https://544

agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2018SW002008 doi:545

–18–



manuscript submitted to JGR: Space Physics

https://doi.org/10.1029/2018SW002008546

Greenwald, R. A., Baker, K. B., Hutchins, R. A., & Hanuise, C. (1985). An HF547

Phased-Array Radar for Studying small-scale Structure in the High-Latitude548

Ionosphere. Radio Science, 20 , 63–79. Retrieved from https://doi.org/549

10.1029/RS020i001p00063550

Hosokawa, K., Iyemori, T., Yukimatu, A. S., & Sato, N. (2000). Characteris-551

tics of solar flare effect in the high-latitude ionosphere as observed by the552

superdarn radars. Adv. Polar Upper Atmos. Res.,, 14 , 66-75. Retrieved553

from https://nipr.repo.nii.ac.jp/?action=repository action common554

download&item id=6304&item no=1&attribute id=18&file no=1555

Hosokawa, K., & Nishitani, N. (2010). Plasma irregularities in the dusk-556

side subauroral ionosphere as observed with midlatitude superdarn radar557

in hokkaido, japan. Radio Science, 45 (4). Retrieved from https://558

agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2009RS004244 doi:559

https://doi.org/10.1029/2009RS004244560

Huang, Y., Richmond, A. D., Deng, Y., Chamberlin, P. C., Qian, L., Solomon,561

S. C., . . . Xiao, Z. (2014). Wavelength dependence of solar irradiance en-562

hancement during x-class flares and its influence on the upper atmosphere.563

Journal of Atmospheric and Solar-Terrestrial Physics, 115-116 , 87-94. Re-564

trieved from https://www.sciencedirect.com/science/article/pii/565

S1364682613002824 (Sun-Earth System Exploration: Moderate and Extreme566

Disturbances) doi: https://doi.org/10.1016/j.jastp.2013.10.011567

Hunter, J. D. (2007). Matplotlib: A 2d graphics environment. Computing in Science568

& Engineering , 9 (3), 90-95. doi: 10.1109/MCSE.2007.55569

Jakowski, N., & Hoque, M. M. (2019). Estimation of spatial gradients and570

temporal variations of the total electron content using ground-based gnss571

measurements. Space Weather , 17 (2), 339-356. Retrieved from https://572

agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2018SW002119 doi:573

https://doi.org/10.1029/2018SW002119574

Kelley, M. (2009). The earth’s ionosphere: Plasma physics and electrody-575

namics. Academic Press. Retrieved from https://books.google.com/576

books?id=3GlWQnjBQNgC577

Keskinen, M. J., & Ossakow, S. L. (1983). Theories of high-latitude ionospheric578

irregularities: A review. Radio Science, 18 (06), 1077-1091. doi: 10.1029/579

RS018i006p01077580

Klimenko, M. V., Zakharenkova, I. E., Klimenko, V. V., Lukianova, R. Y.,581

& Cherniak, I. V. (2019). Simulation and observations of the polar582

tongue of ionization at different heights during the 2015 st. patrick’s day583

storms. Space Weather , 17 (7), 1073-1089. Retrieved from https://584

agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2018SW002143 doi:585

https://doi.org/10.1029/2018SW002143586

Liu, J., Wang, W., Qian, L., Lotko, W., Burns, A. G., Pham, K., . . . Wilder,587

F. (2021). Solar flare effects in the earth’s magnetosphere. Nature588

Physics, 2021 (17), 17-7. Retrieved from https://doi.org/10.1038/589

s41567-021-01203-5590

Manju, G., & Viswanathan, K. S. (2005). Response of the equatorial electrojet to591

solar flare related x-ray flux enhancements. Earth Planets Space, 57 , 3. Re-592

trieved from https://doi.org/10.1186/bf03351819593

McKinney, W. (2010). Data structures for statistical computing in python. In594

(p. 56–61). Proceedings of the 9th Python in science conference. doi: 10.25080/595

Majora-92bf1922-012596

Millman, K. J., & Aivazis, M. (2011). Python for scientists and engineers. Comput-597

ing in Science & Engineering , 13 , 2. doi: 10.1109/MCSE.2011.36598

Nishimura, Y., Mrak, S., Semeter, J. L., Coster, A. J., Jayachandran, P. T., Groves,599

K. M., . . . Ruohoniemi, J. M. (2021). Evolution of mid-latitude density600

–19–



manuscript submitted to JGR: Space Physics

irregularities and scintillation in north america during the 7–8 septem-601

ber 2017 storm. Journal of Geophysical Research: Space Physics, 126 (6),602

e2021JA029192. Retrieved from https://agupubs.onlinelibrary.wiley603

.com/doi/abs/10.1029/2021JA029192 (e2021JA029192 2021JA029192) doi:604

https://doi.org/10.1029/2021JA029192605

Nishioka, M., Saito, S., Tao, C., Shiota, D., Tsugawa, T., & Ishii, M. (2021, Feb 15).606

Statistical analysis of ionospheric total electron content (tec): long-term es-607

timation of extreme tec in japan. Earth, Planets and Space, 73 (1), 52.608

Retrieved from https://doi.org/10.1186/s40623-021-01374-8 doi:609

10.1186/s40623-021-01374-8610

Nishitani, N., Ruohoniemi, J. M., Lester, M., Baker, J. B. H., Koustov, A. V.,611

Shepherd, S. G., . . . Kikuchi, T. (2019). Review of the accomplish-612

ments of mid-latitude super dual auroral radar network (superdarn) hf613

radars. Progress in Earth and Planetary Science, 6 (1), 27. Retrieved from614

https://doi.org/10.1186/s40645-019-0270-5615

Papitashvili, N. E., & King, J. H. (2020). Omni 1-min data [data set]. NASA Space616

Physics Data Facility . (Accessed on (June 2024)) doi: 10.48322/45bb-8792617

Perez, F., & Granger, B. E. (2007). Ipython: A system for interactive scientific com-618

puting. Computing in Science & Engineering , 9 , 3. doi: 10.1109/MCSE.2007619

.53620

Qian, L., Burns, A. G., Chamberlin, P. C., & Solomon, S. C. (2010). Flare621

location on the solar disk: Modeling the thermosphere and ionosphere re-622

sponse. Journal of Geophysical Research: Space Physics, 115 (A9). Retrieved623

from https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/624

2009JA015225 doi: https://doi.org/10.1029/2009JA015225625

Ruohoniemi, J. M., & Greenwald, R. A. (1996). Statistical patterns of high-latitude626

convection obtained from goose bay hf radar observations. J. Geoptiys. Res,627

101 , 21743-21763.628

Ruohoniemi, J. M., Greenwald, R. A., Villain, J. P., Baker, K. B., Newell, P. T., &629

Meng, C.-I. (1988). Coherent hf radar backscatter from small-scale irregular-630

ities in the dusk sector of the subauroral ionosphere. Journal of Geophysical631

Research: Space Physics, 93 (A11), 12871-12882. Retrieved from https://632

agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/JA093iA11p12871633

doi: https://doi.org/10.1029/JA093iA11p12871634

Sergeyev, V. (1977). Magnetic effect of chromospheric flares and electric field in the635

high-latitude ionosphere i, polar cap region. Geomagnetizm i Aeronomiya - Ge-636

omagn. Aeron, 17 , 291–297.637

Shi, X., Schmidt, M., Martin, C. J., Billett, D. D., Bland, E., Tholley, F. H., . . .638

McWilliams, K. (2022). pydarn: A python software for visualizing superdarn639

radar data. Frontiers in Astronomy and Space Sciences, 9 . Retrieved from640

https://www.frontiersin.org/articles/10.3389/fspas.2022.1022690641

doi: 10.3389/fspas.2022.1022690642

Tsunoda, R. T. (1988). High-latitude f region irregularities: A review and synthesis.643

Rev. Geophys., 9 (3), 719-760. doi: 10.1109/MCSE.2007.55644

Watanabe, D., & Nishitani, N. (2013). Study of Ionospheric Disturbances During645

Solar Flare Events Using the Superdarn Hokkaido Radar. Advances in Polar646

Science, 24 , 1. Retrieved from https://doi.org/10.3724/SP.J.1085.2013647

.00012648

Yamauchi, M., Johnsen, M. G., Enell, C. F., Tjulin, A., Willer, A., & Sormakov,649

D. A. (2020). High-latitude crochet: Solar-flare-induced magnetic disturbance650

independent from low-latitude crochet. Annales Geophysicae, 38 , 6. Retrieved651

from https://doi.org/10.5194/ANGEO-38-1159-2020652

Yamazaki, Y., & Maute, A. (2017, Mar 01). Sq and eej—a review on the daily vari-653

ation of the geomagnetic field caused by ionospheric dynamo currents. Space654

Science Reviews, 206 (1), 299-405. Retrieved from https://doi.org/10.1007/655

–20–



manuscript submitted to JGR: Space Physics

s11214-016-0282-z doi: 10.1007/s11214-016-0282-z656

–21–


