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Abstract

Solar flares, are rapid increase in solar irradiance specifically in X-ray and Extreme Ul-
tra Violet spectra, enhance the ionization in the dayside ionosphere and create Sudden
Tonospheric Disturbances (SIDs). SIDs are known to create space weather impacts on
the traveling high frequency (HF:3-30 MHz) radio wave, by disrupting the communica-
tion channels. In this study, we examine a less-known geophysical phenomena that stems
from a severe X9.3 flare, utilizing SuperDARN HF coherent scatter radars and Global
Navigation Satellite System (GNSS) Total Electron Content (TEC) observations. Specif-
ically, we are interested in the transients in the ionospheric electrodynamics at the sub-
auroral latitude near the terminator stem from the flare effect. Observations suggest that
flare-induced density gradient likely favor the formation of gradient-drift instability near
the dawn terminator, leading to the irregularities observed by the SuperDARN radars
with line-of-sight (LoS) Doppler velocity reaching nearly 300 m/s. The flare amplifies
the eastward TEC gradient near the dawn terminator by approximately 2-3 times com-
pared to a geomagnetically quiet day. Observations suggest that flare-induced density
gradients likely favor the formation of Gradient-Drift Instability near the dawn termi-
nator, leading to the irregularities observed by the SuperDARN radars. In contrast to
prior study indicating decreased cross polar-cap potential and associated ionospheric con-
vection flow, our findings show the flare is followed by an increase in localized electric
field near the dawn terminator as depicted in radar LoS velocity.

Plain Language Summary

Solar flares cause disturbances in the upper atmosphere, particularly in the layer
containing charged particles called the ionosphere. These disturbances result in sudden
changes in the Total Electron Content (TEC) of the ionosphere during daytime. Pre-
vious research has demonstrated that these disturbances affect the propagation of ra-
dio waves by increasing absorption of high-frequency signals and changing the path lengths
they travel. Our study focuses on a previously unexplored aspect of these disturbances
caused by solar flares. We have observed a transient phenomenon occurring in the ra-
dio waves traveling through the ionosphere during flare events. We aim to understand
the cause and mechanism behind this phenomenon, which involves instability processes
in the plasma present in the ionosphere. Through this study, we seek to shed light on
how these flare-driven plasma instability processes occur and their implications. We used
SuperDARN radar observations along with GNSS TEC dataset to understand the flare-
driven sub-auroral latitude ionospheric electrodynamics.

1 Introduction

A solar flare is a sudden brightening of solar disk, specifically in X-rays and Ex-
treme Ultra Violet (EUVs) spectrum. Solar flares are known to create strong perturba-
tions in the dayside ionosphere by enhancing the photoionization, commonly refereed to
as Sudden Ionospheric Disturbances (SIDs). SID is a space weather condition that cre-
ate transients in the dayside ionosphere, specifically disrupts radio communication chan-
nels including Very Low Frequency (VLF: 3-30 kHz) (e.g., Belcher et al., 2021, & ref-
erences therein), High Frequencies, (HF: 3-30 MHz) (e.g., Chakraborty et al., 2018, 2019),
and satellite communications (e.g., Cheng et al., 2019). The flare-driven impact can also
induce transients in ionospheric current systems which in turn create disturbances in ge-
omagnetic fields recorded by the ground magnetometers (e.g., Curto et al., 2018; Manju
& Viswanathan, 2005; Dodson & Hedeman, 1958). Large flares can severely impact high-
latitude ionospheric electrodynamics and may create detectable signatures in Earth’s mag-
netosphere via magnetosphere-ionosphere (MI) coupling (Liu et al., 2021). However, there
are only a few observational studies that have delved into this flare-driven changes in the
MI coupling processes (e.g., Sergeyev, 1977; Yamauchi et al., 2020).
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Coherent scatter Doppler radars known to observe scatters from F-region altitudes
near the dusk terminator (Ruohoniemi et al., 1988), commonly refereed to as Dusk Scat-
ter Event (DUSE). Later Hosokawa and Nishitani (2010) conducted a statistical study
using coherent HF radars located in the high (auroral) and middle latitudes, and reported
DUSE are a recurring phenomena. Additionally, the study reported similar phenomena
observed near the dawn terminator, and commonly refereed to as Dawn Scatter Event.
Hosokawa and Nishitani (2010) employed SuperDARN HF radar observations to statis-
tically demonstrate that even on geomagnetically quiet days F-region irregularities can
arise near the day-night terminator through the Gradient-Drift Instability (GDI), facil-
itated by the density gradients near the terminators (e.g., Tsunoda, 1988).

Gradient Drift Instability (GDI) is an interchange of two elements of fluid plasma
or the same element with different densities separated by a sharp gradient (Tsunoda, 1988).
It can be categorized as a modified Rayleigh-Taylor instability (Kelley, 2009). Due to
external forcing, if a density gradient is present in a magnetized plasma and a slight dis-
turbance occurs, charge separation can take place which produces a small localized ‘Po-
larization Electric Field’. The polarization electric field feeds the disturbance and charges
separation in the presence of a magnetic field, thus producing instability. SuperDARN
measured irregularities are often observed near terminators, primarily at sub-auroral lat-
itudes (Hosokawa et al., 2000; Tsunoda, 1988). Hosokawa et al. (2000) showed that so-
lar flare can also trigger ionospheric irregularities near the day-night terminators, par-
ticularly at sub-auroral latitudes, specifically near the equatorial boundary of the auro-
ral oval. However, there are not many studies that have reported and explained the mech-
anism of such events.

Extreme solar flares can increases the likelihood of GDI-generated F-region irreg-
ularities by amplifying plasma density gradients near the terminator. (Hosokawa et al.,
2000) noted these irregularities emerging at auroral latitudes, especially at the equator-
ward boundary of convection return flow. Furthermore, their study uncovered distinct
magnetometer responses on the poleward and equatorward sides of the irregularity struc-
ture. Notably, magnetometers located toward the poleward side exhibited prolonged and
more pronounced deviations in horizontal geomagnetic components following the flare.
Other prior studies (e.g., Yamazaki & Maute, 2017; Yamauchi et al., 2020) speculated
that variances in magnetometer responses across latitudes may stem from the electric
field or conductivity structure discontinuities. However, the studies did not provide any
quantification against the GDI growth rates.

This study presents less known ionospheric phenomena captured by HF radars lo-
cated at high latitudes following a massive X9.3-class flare that occurred on September
6, 2017 that peaked at 12:02 UT. A novel data analysis approach utilizing a horizontal
Total Electron Content (TEC) gradient, alongside line-of-sight (LoS) Doppler velocity
from SuperDARN radars, is employed to compute a growth rate proxy of the instabil-
ity, which is considered to be GDI. Notably, our findings include: (1) the sudden appear-
ance of field-aligned irregular structures in the high-latitude dawn sector aligned with
the ionospheric convection return flow with a peak LoS velocity ~ 300 m/s; and (2) a
3-4 times amplification in the instability growth rate proxy as compared to low geophys-
ical activity days. Moreover, we ascertain that the commencement of GDI in the high-
latitude region is predominantly triggered by the enhanced horizontal gradient (as in-
dicated by the TEC data) and the enhanced ionospheric electric field (as indicated by
the SuperDARN LOS velocity measurements).
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2 Datasets and Methodology
2.1 GDI Formation Mechanism

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

a sharp plasma density gradient from night to the dayside. Being a dayside phenomenon
solar flares significantly increase the density gradient compare to a geophysically quiet
day, which leads to a suitable scenario to stem GDI. GDI formation mechanism is pri-
marily dependent on the geometry of the density gradient of two fluids, background elec-
tric, magnetic fields, and plasma flow direction, which are different in the F-region al-
titudes. Note that near the dawn/dusk terminator, the F-region is not well-formed at
the nightside, compared to the dayside. Thus, we use F-region to refer to altitudes where
electrons/ions are both collisionless (>150 km).

Vit
) —FyxBy |1, =L, x B,
AEO { High-density region
X By .t~ o

Low-density region

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 (Eo,éo,Vﬁ), Hall drift velocity (o), polarization E-field (0E,), and Hall drift under
polarization E-field (¥,); (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 the
dawn side F-region ionosphere. The ambient electric field at F-region height is projected
from the magnetosphere and near the dawn side ionosphere is along the x-axis (it is equa-
torward directed or north-to-south). The ambient magnetic field is out of the page, along
the z-axis (at the high latitude it is northward directed and tilted towards the ground).
At F-region altitude both ions and electrons are collisionless. The charge separation at
F-region altitude is produced through the large Pedersen mobility of the ions as com-
pared to that of electrons. The Pedersen mobility ion (due to their heavy weights) causes
a charge separation that leads to polarization electric field along the x-axis (along the
terminator) which can grow into instability.

The strength of the background parameters plays a significant role in determining
if the instability will form or not. Flare will certainly enhance the west-east gradient near
the terminator (refer to Figures 1), which makes it more favorable for GDI formation.

In this study we provide empirical evidence that the GDI is the formation mechanism
of the sudden appearance of IS observed at the high latitude radars. We can use the GDI
growth rate to quantify the chance of GDI occurrence relative to a geophysically quiet
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day and validate if it is the primary source of the IS observed by the SuperDARN radars.
The GDI growth rate [first-order approximation| can mathematically be described be-
low [equation (1) (Tsunoda, 1988)]

_ V() ano

"~ ng 9¢
where, v, Vo, ng, and ¢ are GDI growth rate, plasma flow velocity, background electron
density at F-region altitude, and longitude, respectively. Hence, 67;) represents the gra-
dient of ny along longitude [a horizontal component of electron density gradient along
east-west].

(1)

We know that the GDI growth rates get impacted by the diffusion near the diffu-
sive subranges (wave number ranges where diffusion dominates and impedes growth of
the instability) (e.g., Kelley, 2009). In this study we used the most simplified form of the
liner GDI growth rate 1. However, at diffusive subranges, we can expect plasma diffu-
sion (parallel and ambipolar) that leads to dissipation of the GDI spawn waves, specif-
ically smaller wave number (k), and the equation becomes v = 7‘:—2% — k2D, , where
k and D, are the wave number and diffusion constant. This term suggests that while
a gradient tries to spawn instability the small-scale wave structures can be damped by
the diffusion process. Instability stems from GDI with a large wavelength (small wave
number k) less susceptible to diffusion and leads to efficient instability growth. Follow-
ing Kelley (2009), we find a reasonable non-diffusive F-region critical wavelength is 3-
meters, suggesting any instability wave stem by GDI above 3-meters would not be dis-
sipate through diffusion. Given SuperDARN observes decameter scale irregularities ( 30
meter wavelength range), above the critical wavelength at F-region, hence the observed
structures using SuperDARN is physical and can be backed by the above theory.

2.2 Super Dual Auroral Radar Network

Super Dual Auroral Radar Network, SuperDARN, is an international collabora-
tion of HF radar network that spans the middle, high, and polar latitudes of both hemi-
spheres (Greenwald et al., 1985; Chisham et al., 2007; Nishitani et al., 2019). The sys-
tem employs 16-24 azimuthal beams covering 75-110 range gates spaced by 45 km start-
ing from the 180 km group range. A 3-s or 6-s integration time per beam results in a full
radar sweep within 1-2 minutes. Prior studies have utilized ground scatter (GS) Super-

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

& Nishitani, 2013; Chakraborty et al., 2018), whereas this study employs ionospheric scat-
ter (IS) to detect flare-driven ionospheric electrodynamics transients. This investigation
focuses on SuperDARN radar fields-of-view (FoV) distributed across the Northern Amer-
ican sector (Figure 2(a)). The radars shown in Figure 2(a) probe high/auroral latitudes,
with beam 7 of Saskatoon and Prince George and beam 10 of Kodiak radars highlighted
in blue. The gray-shaded area signifies the nightside of Earth at F-region altitudes (300
km) during the peak of the X9.3 class flare on 6 September 2017, at 12:02 UT. The red
shaded area indicates a 3° x 3° region that is used to calculate a horizontal TEC gra-
dient, investigate the source of IS observed by the radars, and numerically quantify the
effects following the solar flare.

2.3 GNSS TEC

In this research, Global Navigation Satellite System (GNSS) Total Electron Con-
tent (TEC) data play a pivotal role (David & Sojka, 2019). TEC data serve as a proxy
for the peak electron density (Nishioka et al., 2021). To show the electron density gra-
dient at F-region altitudes along latitude and longitude, we utilized the horizontal gra-
dient of TEC [V, 4 TEC, where X denotes latitude and ¢ denotes longitude] (Jakowski
& Hoque, 2019). Our analysis involves utilizing vertical TEC observations from the MIT
Haystack Madrigal database, sourced from various stations situated across the North Amer-
ican sector (Coster et al., 2017). For this study we are going to use the horizontal gra-
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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% x 3°%cell (\,¢ = 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 NmFs and to quantify growth rate of GDI. While the time
derivative of the TEC has been used to show the temporal variations of various geophys-
ical phenomena (Amaechi et al., 2021), the spatial gradient in TEC observations can be
very useful to identify and analyze large-scale spatial structures like sub-auroral iono-
spheric trough (Nishimura et al., 2021), traveling ionospheric disturbances (Belehaki et
al., 2020), tongue of ionization (Klimenko et al., 2019) etc.

2.3.1 FEstimating horizontal gradient of TEC

To show the electron density gradient along latitude and longitude:

O*’TEC
Vo = 3o @

In a study, conducted by Jakowski and Hoque (2019), a novel approach was introduced
for the calculation of horizontal components of TEC gradient using slant TEC data. This
innovative method involved selecting specific TEC components based on their associated
elevation angles, a technique essential for obtaining accurate horizontal information from
the TEC measurements. Moreover, the study revealed a significant correlation between
density gradients in the ionosphere and the occurrence of solar flare-induced SIDs. We
employ the similar technique described in the literature to compute spatial gradient in
TEC.

Figure 3 presents the longitudinal (east-west component of the horizontal) gradi-
ent ((%TEC) from vTEC obtained from Madrigal Website, which provides 1°x1° latitude-
longitude girded vTEC data in 5-minute cadence in gray shading. Figure also presents
gradients computed on 3°x3° latitude-longitude grids, as shown by the black quivers.
The day-night terminator is overlaid on top of the map at 11:47 UT. From this analy-
sis. Note that, we binned 1° x 1° latitude/longitude gridded TEC into a 3° x 3° lati-
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Figure 3. Example plots describing the methodology of extracting horizontal TEC gradients
from the Madrigal Website, girded into 3° x 3° latitude-longitude grid.

tude/longitude bin to calculate the horizontal gradient and reduce noises in the estimated
gradient. We tested 1° x 1°, 2° x 2°, and 3° x 3° grids to calculate TEC gradient and

find that a 3° x 3° latitude-longitude gridded observation reduces the noise and orga-
nizes the gradient as expected near the terminator (please refer to supplementary doc-
ument).

The precision of the TEC measurement comes from various sources including mea-
surement of carrier phase data, calculation, binning the data into latitude/longitude grids,
number of receivers in a bin, elevation angle etc. We used 1° x 1° latitude/longitude
TEC grid dataset for this analysis from MIT Madrigal database. By checking the val-
ues of errors listed in the TEC files we confirm that most of the errors in TEC measure-
ment are less than 0.3 TECu, which is <7% relative error in the observations, suggest-
ing the datasets can be used to estimate TEC gradient.

2.4 ISR Tromsg Observations

While solar flares increase ionization on the total dayside ionosphere, the impact
is not proportional in all ionospheric regions (e.g., Huang et al., 2014; Qian et al., 2010;
Chamberlin et al., 2020). The data presented in Figure 4 is electron density observation
from EISCAT Tromsg ISR VHF (224 MHz) radar located at 69° geographic latitudes,
looking northward at its lowest elevation angle (30°) above the horizon towards the ge-
ographic North (360°) azimuth. The top panels show the electron density as a function
of altitude and time showing a rapid enhancement of photoionization near the solar flare
peak indicated by the vertical black line. We can see a significant density enhancement
in all ionospheric regions. Analysis of the electron density at different altitudes (shown
in the middle panel) provides a deeper understanding of the electron density profile fol-
lowing the solar flare. The ratio of electron density during the peak of the flare to the
background (indicated by 6y, ) and absolute change to the background (indicated by . )
is also listed on the panel. We see a significant change in electron density at around 100
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Figure 4. Ionospheric line-of-sight electron density observations from EISCAT Tromsg 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 around
220 km. Finally, the bottom panel shows the integrated electron density for the D and

E regions (between 70-130 km in red) and the F-region (between 130 and 250 km, in blue),
respectively. This data set represents the total amount of energy deposition as a func-

tion of ionospheric region/altitude followed by the flare and associated change in TEC
observations. While the percentage change in D/E-regions together is about 240% than
background the same for F-region is around 160%. In contrast absolute electron content
change at F-region altitude is 12.9x10'2 m~2, which is much larger than the same in

D and E-regions together 4.6 x 10'?2 m~2. Analysis suggests that while we can expect

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

is much higher at the F-region altitudes, and these findings are consistent with the pre-
vious studies (e.g., Chakraborty et al., 2021, and references there in). The F-region is
determined to be responsible for 73.7% of the total increase in TEC, with the remain-

der originating from the bottomside ionosphere.

3 Observations

This section introduces the event by showing the interplanetary magnetic field (IMF),
solar wind, and othe geophysical conditions including solar irradiance, geomagnetic in-
dices, and ionospheric response from the Saskatoon (SAS) SuperDARN radar. On Septem-
ber 6, 2017, an extreme X9.3 class flare erupted from solar active region AR 12673, mark-
ing the most intense flare of the last solar cycle (2008-2019). Its onset and peak occurred
at 11:56 and 12:02 UT, respectively. Figure 5(a-e) presents the geophysical conditions
and Saskatoon radar response, encompassing: (a) solar X-ray irradiance from GOES-15
satellite X-ray sensor with two channels 0.1-0.8 nm and 0.05-0.4 nm, (b) interplanetary
magnetic fields, (¢) solar wind velocity (in magenta), proton density (in black) and dy-
namic pressure (in blue), (d) ASYM-H/SYM-H indices depicting ring current responses,
(e) auroral indices characterizing auroral electrojets (AE, AL, and AU), and (f) a range-
time intensity (RTI) plot showcasing Line-of-Sight (LoS) Doppler velocity recorded along
beam 7 of the SuperDARN Saskatoon radar. Note that another X-class (X1.2) flare pre-
ceding this event, with the subsolar point over Central Europe, had no impact on Su-
perDARN radars over North America which were on the nightside at that moment. How-
ever, it elevated the background electron density as compared to a typical quiet day. The
solar irradiance following the X9.3 class flare remained elevated for approximately 12 hours,
which caused wide-scale HF disruption (e.g., Chakraborty et al., 2019; Frissell et al., 2019).
After the flare, other smaller X- and multiple M-class flares emerged during its decay
phase. Both IMF B, .) ranged between (-2 nT, -4 nT), which is indicative of a polar
ionosphere with a nearly symmetrical two-cell convection pattern. Solar wind param-
eters suggest that there was a relatively small sudden enhancement in solar wind pro-
ton density and dynamic pressure around 8 UT. AE and AL indices showed heightened

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

et al. (2020) showed an enhancement in the auroral current system was triggered by the
solar flare. Additionally, we observed a transient enhancement in the partial ring cur-

rent system [ASYM-H, panel (d) blue curve], signifying modifications in the dayside mid-
dle and low latitude current structures. Finally, we see the sudden appearance of high-
velocity ionospheric scatter (red patch after the vertical red line) in the SuperDARN Saska-
toon radar observations following the solar flare (indicated by the vertical black line),
which lasted for approximately 3 hours.

For comparison, we choose 30th August 2017 as a geomagnetically quiet day, which
only experienced a single M-class flare later in the Universal Time (UT) day. Interest-
ingly, the IMF observations for both days show no substantial differences, with the IMF
fluctuating around 0 nT on both occasions. Quiet day selection criteria fit many days
in August 2017, but we are also interested in a day where SAS radar observed ionospheric
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data near the dawn terminator, so that we can estimate growth rate proxy and compare
between quiet and event days.

We did a virtual height and spectral (decay rate) analysis of the backscatter echoes
observed by the SAS radar (blob that appeared between 1000-2000 km after the flare
peak 12:02 UT and near the day-night terminator) to confirm its possible altitude lo-
cation and sources. The virtual height models suggested that the backscatter echoes were
most likely coming between virtual heights of 350-650 km (Chisham et al., 2007). Ad-
ditionally, the spectral analysis shows a higher decay rate of the backscatter echo pop-
ulation suggesting the echoes were ionospheric. Consequently, this analysis suggests that
these are ionospheric backscatter from 150 km and above. We analyzed the dataset from
all the radars used in this study, and they agreed with this conclusion. We have added
the figures in the supplementary document to support this claim and for the readers. Ad-
ditionally, from previous studies, we understand these dawn/dusk scatters appearing near
the terminators are F-region ionospheric scatter (Hosokawa & Nishitani, 2010).

SuperDARN radars strategically positioned across the North American sector, as
depicted in Figure 2, captured the sudden emergence of ionospheric irregularity backscat-
ters, occurring from minutes to hours after the peak of the flare. Figure 6 presents RTT
plots of LoS Doppler velocity from SuperDARN radars probing auroral latitudes, span-
ning the period from 11 to 17 UT on September 6, 2017. Panels (a-c) feature observa-
tions from beam 7 of radars Saskatoon (SAS), Prince George (PGR), and beam 10 of
Kodiak (KOD), respectively. The vertical black line corresponds to the flare peak, while
the gray-shaded region signifies the zone with a solar zenith angle greater than 90° at
F-region altitude (~ 300 km), indicating the nightside. The radars observed the phenom-
ena about 3, 3 hours 25 minutes and 2 hours 30 minutes, respectively. Note the sudden
emergence of high-velocity ionospheric scatter (IS) near the day-night terminator for all
three radars. Key observations include: (1) the abrupt emergence of field-aligned irreg-
ularity formations (red or blue color-coded high-velocity IS) immediately after the dawn
terminator; (2) longer duration and stronger intensity of LoS Doppler velocity linked with
flare-induced IS compared to a quiet day; (3) although the flare peaked at 12:02 UT, radars
in the pre-dawn sector only recorded the field-aligned irregularities once their beams (or
Fields-of-View) transitioned into the sunlit sector (near to the dawn terminator). The
feature is not moving or co-rotating, rather radars are co-rotating with the Earth and
as their fields-of-view reach near the terminator, they start recording the observations.

To investigate the source of these IS echoes, Figure 7 presents a map of the east-
west horizontal gradient of TEC for the event date (6 September on the left column [a-
b]) and compares it with a geophysically quiet day (30 August on the right column [c-
d]) at the same UT time. We compared the observations between the selected days be-
fore the event time (top row [a,c]) and after the event time (bottom row [b,d]). Key ob-
servations encompass: (1) the sudden appearance of high velocity IS following the flare
on the flare day, while the IS already existed on the quiet day; (2) the spatial extent and
velocity of the IS that appeared on the flare day are significantly larger and stronger than
that during the quiet day. Note that not all quiet days show IS near the dawn termina-
tor. These findings argue that the sudden appearance of high-velocity IS on Sep 6, 2017
is related to the solar flare occurring at the same time.

4 Discussion

Tonospheric F-region irregularities arise from plasma density fluctuations that un-
dergo amplification through diverse plasma instability processes (Fejer & Kelley, 1980;
Keskinen & Ossakow, 1983; Tsunoda, 1988). The emergence of GDI near the dawnside
F-region ionosphere hinges upon the specifics of E-field and B-field geometry, coupled
with plasma flow direction, and the magnitudes of these parameters (Tsunoda, 1988).
Near the dawn terminator, the plasma density gradient is oriented primarily from west
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Figure 5. For the X9.3 class solar flare of 6th May 2017 the following parameters are shown:
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locity for beam 7. The vertical black line in all panels represents the peak of the X9.3 class solar
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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° x 3° grid cell shown in Figure 2.
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to east. The ambient electric field, extending from the magnetosphere to the dawn side
ionosphere, is directed equatorward (Ruohoniemi & Greenwald, 1996). The geometry
near the dawn terminator, as shown in Figure 1, shows favorable conditions for GDI for-
mation (Tsunoda, 1988). However, it is imperative to consider the magnitude of these
physical parameters. Here we present evidence that the appearance of SuperDARN IS
is primarily attributable to GDI, taking into account the plasma velocity and density
gradient strengths.

In Section 2 we described how background parameters modulates the GDI via growth
rate as shown in equation 1. Since we do not have measurements at individual point in
space we need to adapt equation 1 to calculate a proxy for GDI growth rate. The GDI
growth rate proxy is calculated using the east-west component of the SuperDARN LoS
velocity (Vg = Xé;g, where 6 is the azimuth angle of the measured velocity vector) and

TEC data (ng). The ‘GDI growth rate proxy’ given below, is deduced based on the first-
order approximation of the GDI growth rate:

1 8710

o g

v =V x

Figure 8 offers a juxtaposition of GDI growth rate proxy values during the X9.3
solar flare on September 6, 2017 (depicted as black dots) and on a geomagnetically quiet
day on August 30, 2017 (illustrated as red dots), for a high latitude ( 600) The top-
to-bottom panels show TEC, TEC gradient with longitude (¢), i.e., 8 ¢ , east-west com-
ponent of the SuperDARN LoS Doppler velocity (Vy), and growth rate proxy (v'), re-
spectively. The red vertical lines across all panels denote the solar flare peak at 12:02
UT. Notable findings are: (1) increase in ng, 8 P and Vj on the flare day compared to
quiet geomagnetic days, influencing +/, which is evident in the bottom panel; (2) signif-
icantly higher LoS Doppler velocity within the high latitude sector, resulting an ~3-4
times higher +' compared to the quiet day. By comparing panels (b) and (c) we see an
approximately two-fold increase in zonal gradient of TEC, accompanied by a ~10-fold
increase in ion drift velocity as compared to the quiet day, suggesting an enhanced elec-
tric field at auroral latitudes in the dawn sector. As IS recorded by all the radars did
not appear until the day-night terminator reach the FoV of the radars. Therefore, it is
unlikely that the sources of the ionospheric scatter observed by the three radars are re-
lated to a substorm or other solar wind-driven phenomena. Drawing on empirical ev-
idence presented in Figure 8 and work by Baker et al. (1986) and Hosokawa et al. (2000),
we deduce that the abrupt irregularity appearance results from GDI triggered by flare-
amplified plasma density gradients in the vicinity of the terminator. The polarizing elec-
tric field, induced by the charge separation due to the density gradient near the termi-
nator, aligns with the background electric field, inducing Hall drift velocity along the back-
ground drift. In this context, the background plasma drift near the equatorward dawn
terminator is characterized by Hall drift return flow of the ionospheric convection. Fig-
ure 7 shows that all radars detected LoS Doppler velocities, which are consistent with
an eastward flow direction.

Using a SuperDARN polar-latitude radar (Inuvik) and a geospace coupled model
LTR, Liu et al. (2021) showed a reduction in Cross Polar-Cap Potential (CPCP) and as-
sociated ionospheric convection flow velocity from radar following the same X9.3 flare
on Sep 6, 2017. LTR model showed that the flare created an earthward displacement of
the magnetopause. The study argues that the reduction in CPCP stem from a recon-
figuration of magnetosphere convection and a decrease in the reconnection electric field.
Their study showed that a sudden reduction in cross-polar electric field leads to a reduc-
tion in Joule heating, although flare enhanced ionospheric conductivity via sudden ion-
ization. Our results suggest an increase in localized (near the dawn terminator) electric
field indicated by the enhanced LoS velocity measurements from three SuperDARN au-
roral radars. This suggests a localized electric field enhancement. One possible source
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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
(A, = 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° x 3° latitude-longitude

grid.
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of this localized electric field enhancement can be the superposition of the polarization
E-field that drives the GDI with the background ionospheric E-field. The background
ionospheric E-field is imposed from the magnetosphere. The polarization E-field is gen-
erated from the separation of the charge along the dawn terminator. However, there are
other mechanisms that may create localized intensification. While the cross-polar elec-
tric field is reduced due to a reduction in the efficiency of mechanical energy conversion
in the dayside solar wind—magnetosphere, there can be pockets of localized enhanced elec-
tric field that drive high-velocity plasma flows. A comprehensive data-model study will
be required to understand the sources of this localized E-field intensification.

Given our understanding that SuperDARN-observed IS is likely derived from flare-
driven Gradient Drift Instability, the subsequent inquiry arises: What are the physical
factors that could impact the mechanism driving GDI? Examining the geometry depicted
in Figure 1 and equation 3, we ascertain that explicit parameters include the orienta-
tions of the background electric and magnetic fields with respect to the density gradi-
ent, the length scale of the density gradient, and the magnitude of the plasma flow ve-
locity. To delve deeper into this analysis, we plan to undertake a subsequent modeling
investigation.

5 Summary

In this investigation, we explored the impacts of an imposing X9.3-class flare, peak-
ing at 12:02 UT on September 6, 2017, on the ionosphere’s dawn side, as observed by
SuperDARN HF radars located at high and middle latitudes. Using the SuperDARN ob-
servations and GNSS TEC data, we reported the following;:

1. Features observed in SuperDARN: A sudden emergence of ionospheric scatter (IS)
near the day-night terminator at high latitudes following the X9.3 flare were ob-
served. The LoS Doppler velocity direction of these irregularities concurs with the
convection flow’s orientation adjacent to the equatorward border of the dawn ter-
minator. High latitude radar-recorded LoS Doppler velocities reach ~ 300 m/s,
significantly surpassing levels observed during the geomagnetically quiet day.

2. Features observed in TEC and growth rate proxy, +': We observed an increased
absolute Total Electron Content (TEC) and east-west TEC gradient near the dawn
terminator after the X9.3 flare, compared to quiet geomagnetic days. The inten-
sified density gradient creates favorable conditions for the Gradient-Drift Insta-
bility (GDI), apparent in 7'. GDI’s growth rate proxy surges 3-4 times at the high
latitude sector, relative to geomagnetically quiet days.

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

field-aligned irregularities recorded by the high latitudes SuperDARN radars. We found
sudden appearance of SuperDARN IS is likely to be attributed to field-aligned irregu-
larities generated by GDI, resulting from the flare-amplified east-west plasma gradient

at F-region altitudes. How flare-altered ionospheric properties like conductivity and elec-
tric fields effect irregularity formation remains unclear. A comprehensive study combin-
ing first-principles modeling with ISR /satellite data on electron density and electric fields
is necessary. This will help us identify geophysical parameters modulating flare-driven
GDI and sources of localized electric field enhancements seen by SuperDARN.

Open Research

All the data and Python code are uploaded into the Zenodo available for public
use (Chakraborty, 2022). The analysis and visualization were completed with the help
of free, open-source software tools such as matplotlib (Hunter, 2007), IPython (Perez &
Granger, 2007), pandas (McKinney, 2010), pyDARN (Shi et al., 2022), and others (e.g.,
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