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Abstract

Medium-scale Traveling Ionospheric Disturbances (MSTIDs) are prominent and ubiquitous features of the mid-latitude iono-
sphere, and are observed in Super Dual Auroral Radar Network (SuperDARN) and high-resolution Global Navigational Satellite
Service (GNSS) Total Electron Content (TEC) data. The mechanisms driving these MSTIDs are an open area of research,
especially during geomagnetic storms. Previous studies have demonstrated that night-side MSTIDs are associated with an elec-
trodynamic instability mechanism like Perkins, especially during geomagnetically quiet conditions. However, day-side MSTIDs
are often associated with atmospheric gravity waves. Very few studies have analyzed the mechanisms driving MSTIDs during
strong geomagnetic storms at mid-latitudes. In this study, we present mid-latitude MSTIDs observed in de-trended GNSS TEC
data and SuperDARN radars over the North American sector, during a geomagnetic storm (peak Kp reaching 9) on September
7-8, 2017. In SuperDARN, MSTIDs were observed in ionospheric backscatter with Line Of Sight (LOS) velocities exceeding
800 m/s. Additionally, radar LOS velocities oscillated with amplitudes reaching +/-$500 m/s as the MSTIDs passed through
the fields-of-view. In detrended TEC, these MSTIDs produced perturbations reaching “50 percent of background TEC magni-
tude. The MSTIDs were observed to propagate in the westward/south-westward direction with a time period of 15 minutes.
Projecting de-trended GNSS TEC data along SuperDARN beams showed that enhancements in TEC were correlated with
enhancements in SuperDARN SNR and positive LOS velocities. Finally, SuperDARN LOS velocities systematically switched
polarities between the crests and the troughs of the MSTIDs, indicating the presence of polarization electric fields and an

electrodynamic instability process during these MSTIDs.
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Key Points:

« MSTID signatures were observed in GNSS TEC and SuperDARN ionospheric backscat-
ter during a strong geomagnetic storm.

e MSTID characteristics were broadly consistent between the datasets, with peri-
ods of 10-20 min and phase speeds of ~800 m/s.

» SuperDARN LOS velocities systematically switched polarities between MSTITD
crests and troughs, indicating polarization electric fields.
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Abstract

Medium-scale Traveling Ionospheric Disturbances (MSTIDs) are prominent and ubig-
uitous features of the mid-latitude ionosphere, and are observed in Super Dual Auroral
Radar Network (SuperDARN) and high-resolution Global Navigational Satellite Service
(GNSS) Total Electron Content (TEC) data. The mechanisms driving these MSTIDs

are an open area of research, especially during geomagnetic storms. Previous studies have
demonstrated that night-side MSTIDs are associated with an electrodynamic instabil-

ity mechanism like Perkins, especially during geomagnetically quiet conditions. However,
day-side MSTIDs are often associated with atmospheric gravity waves. Very few stud-

ies have analyzed the mechanisms driving MSTIDs during strong geomagnetic storms

at mid-latitudes. In this study, we present mid-latitude MSTIDs observed in de-trended
GNSS TEC data and SuperDARN radars over the North American sector, during a ge-
omagnetic storm (peak Kp reaching 9) on September 7-8, 2017. In SuperDARN, MSTIDs
were observed in ionospheric backscatter with Line Of Sight (LOS) velocities exceeding
800 m/s. Additionally, radar LOS velocities oscillated with amplitudes reaching £+500
m/s as the MSTIDs passed through the fields-of-view. In detrended TEC, these MSTIDs
produced perturbations reaching ~50 percent of background TEC magnitude. The MSTIDs
were observed to propagate in the westward/south-westward direction with a time pe-
riod of ~15 minutes. Projecting de-trended GNSS TEC data along SuperDARN beams
showed that enhancements in TEC were correlated with enhancements in SuperDARN

SNR and positive LOS velocities. Finally, SuperDARN LOS velocities systematically switched

polarities between the crests and the troughs of the MSTIDs, indicating the presence of
polarization electric fields and an electrodynamic instability process during these MSTIDs.

1 Introduction

Traveling Tonospheric Disturbances (TIDs) (Munro, 1948) are wave-like structures
which propagate through the ionosphere. TIDs are most commonly expected to be driven
by Atmospheric Gravity Waves (AGWs) originating in the neutral atmosphere (Hines,
1960) and can be sensed with instruments used for monitoring ionospheric dynamics such
as Global Navigational Satellite Service (GNSS) Total Electron Content (TEC) (Saito
et al., 1998) and coherent scatter radars (Samson et al., 1990; Fukao et al., 1991). TIDs
are further classified as either Large-Scale (LSTIDs) or MSTIDs based on their spatio-
temporal scales (Georges, 1968). MSTIDs typically have a time-period of 15-60 minutes,
phase velocities of 100-300 m/s, and wavelengths between 200-800km. On the other hand
LSTIDs have phase speeds between 400-1000 m/s, periods above 30 minutes, and wave-
lengths above 1000 km (Hocke & Schlegel, 1996; Hunsucker, 1982). The differences be-
tween MSTIDs and LSTIDs are not just limited to their spatio-temporal scales, previ-
ous studies have shown that the underlying generation mechanisms and the physics of
their propagation also differ (Hocke & Schlegel, 1996). MSTIDs are often linked to At-
mospheric Gravity Waves (AGWs), which are a neutral atmospheric phenomenon gen-
erally carrying more energy than the TIDs themselves (Hunsucker, 1982). Such AGW-
driven MSTIDs are more commonly reported at high latitudes, and on the day-side, and
in the winter (Bristow et al., 1994; Frissell et al., 2014). The AGWs are in turn expected
to be driven by factors such tropospheric weather (Chou et al., 2017), Joule heating (Chi-
monas & Hines, 1970), and ground-based disturbances including tsunamis and earthquakes
(Liu et al., 2011). Determining the sources of AGWs/MSTIDs can be challenging since
they travel thousands of kilometers from the source and dissipate along the propagation
paths (e.g., Vadas, 2007; Ogawa et al., 2009). Previous studies have demonstrated the
utility of SuperDARN for analyzing MSTIDs (e.g., Samson et al., 1990; Bristow et al.,
1994; Grocott et al., 2013; Frissell et al., 2014). In particular, these studies have shown
that quasiperiodic density rarefactions and enhancements in ionospheric layers produced
by MSTIDs manifest as moving bands of enhanced ground scatter power in SuperDARN
observations.
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In addition to AGWs, MSTIDs have also been associated with electrodynamic in-
stabilities (Perkins, 1973; Miller, 1997). Such MSTIDs are linked to perturbations and
oscillations in electric fields (e.g., Shiokawa et al., 2003; Otsuka et al., 2004, 2007; Suzuki
et al., 2009). A few studies showed that these electrodynamic instabilities can map into
the other hemisphere along magnetic field lines and drive MSTIDs in the conjugate lo-
cation (Otsuka et al., 2004; Valladares & Sheehan, 2016). Electrified MSTIDs exhibit
properities that are different from those linked to AGWs. Specifically, electrified MSTIDs
were frequently observed on the night-side, propagating southwestwards. A majority of
previous studies have reported electrified MSTIDs during quiet geomagnetic conditions
and in summer months (Ogawa et al., 2009; Duly et al., 2013; Huang et al., 2016). Elec-
trified MSTIDs are an active area of research and the mechanisms seeding the instabil-
ity processes are yet to be fully understood. For example, it has been shown that the
growth rate of the instability alone is not sufficient to seed nighttime MSTIDs (Garcia
et al., 2000), and coupling with the E-region and sporadic-E instabilities can re-inforce
the process (Otsuka et al., 2007; Ogawa et al., 2009). A few previous studies have used
measurements from airglow imagers or TEC in combination with SuperDARN observa-
tions of electric fields to analyze the behavior and characteristics of electrified MSTIDs
during geomagnetically quiet conditions (e.g., Ogawa et al., 2009; Suzuki et al., 2009).
Two main features were reported by these studies. First, the Doppler Line of Sight (LOS)
velocities switched polarities as the crests and troughs associated with the MSTIDs passed
through the radar’s field-of-view. Secondly, depletions in airglow intensity and TEC were
correlated with enhancements in SuperDARN ionospheric backscatter power.

Geomagnetic storms have often been shown to drive significant LSTID activity (e.g.
Ding et al., 2007; Borries et al., 2009). However, very few studies have reported and an-
alyzed storm-time MSTIDs (e.g., S. R. Zhang et al., 2019). Such disturbed intervals can
be challenging to analyze since several different factors such as neutral winds, Sub-Auroral
Polarization Streams (SAPS), and strong ion-neutral coupling can be active simultane-
ously (Guo et al., 2018; S. R. Zhang et al., 2019), especially at mid-latitudes. For exam-
ple, Guo et al. (2018) suggested that thermospheric heating by SAPS electric fields can
induce regional disturbances which manifest as AGWs and TIDs. In addition, changes
in neutral winds induced by SAPS electric fields (e.g., S. Zhang et al., 2017) can drive
changes in the propagation of AGWs and associated TIDs. While Joule heating during
geomagnetic storms is expected to drive AGWs and TIDs, a few studies have hypoth-
esized the possibility that electrodynamic instabilities can also play a role (S. R. Zhang
et al., 2019). Overall, there has been very limited focus on analyzing the role of electro-
dynamic instabilities in driving MSTIDs during geomagnetic storms.

In this study, US mid-latitude SuperDARN observations are used alongside high-
resolution GNSS TEC data to analyze MSTID activity during a strong geomagnetic storm
that took place on Sep 7-8, 2017. The MSTID characteristics (wavelength, time period,
etc) are derived from these two datasets are compared. We determine that the MSTID
activity in this event was associated with an electrodynamic instability.

2 Datasets

The Fort Hays, Kansas, and Christmas Valley, Oregon, mid-latitude SuperDARN
radars are used to study the MSTIDs observed during this event. High-resolution GNSS
TEC in the North American sector is used in conjunction with SuperDARN to charac-
terize the MSTIDs. In this section, these datasets will be defined. Their coverage, tech-
niques, and data will be outlined in the following section. Additionally, datasets used
for capturing geomagnetic indices will be defined.



114 2.1 SuperDARN

115 SuperDARN is a global network of High-Frequency (HF) radars covering polar, high,
116 and mid-latitudes in the Northern and Southern Hemispheres (Greenwald et al., 1995;
17 Chisham et al., 2007; Nishitani et al., 2019). SuperDARN radars observe coherent backscat-

118 ter from decameter-scale irregularities aligned along the geomagnetic field. The Doppler

119 velocity of the back-scattered signal is proportional to the LOS component of E x B plasma
120 drift within the scattering region (Ruohoniemi et al., 1987). The radars electronically

121 steer across different look directions. A radar typically scans through 16 beams in 1 minute,
122 covering ~50° of azimuth. The first SuperDARN radar came into operation at Goose

123 Bay, Labrador (Canada) in 1983. Over the following decades many others were built to

124 improve coverage across the high-latitude regions of both the Northern and Southern Hemi-
125 spheres. The SuperDARN network later expanded to the mid-latitudes to enable obser-

126 vations of plasma convection during intervals of very strong geomagnetic activity when

127 the auroral oval and convection extend equatorwards (Baker et al., 2007; Nishitani et

128 al., 2019). The most commonly used SuperDARN parameters include power which is mea-

120 sured in dB of SNR above the noise floor, and LOS Doppler velocities.

130 2.2 GNSS Total Electron Content

131 Total Electron Content (TEC) is a columnar electron density measurement between
132 a satellite and ground-based receiver. Using Global Navigational Satellite Service (GNSS)
133 constellations allows for widespread TEC measurements across the globe. TEC is typ-

134 ically measured in TEC units (TECu), where 1 TECu=10'° electrons/m?. Worldwide

135 GNSS TEC data is collected and processed at the MIT Haystack Observatory and avail-
136 able from the Madrigal database (http://www.openmadrigal.org) (Rideout & Coster, 2006;
137 Vierinen et al., 2016). Several previous studies have shown the utility of GNSS TEC data
138 for monitoring and analyzing MSTIDs over large geographical regions (e.g., Tsugawa et

139 al., 2007; S. R. Zhang et al., 2017, 2019). Data is available at 30 second time cadence,

140 which is more than sufficient for observing MSTID activity (Saito et al., 1998). Each LOS
141 GNSS TEC data point contains satellite, receiver, latitude, longitude, elevation angle,

142 and timestamp, along with the TEC value. Both the American GPS constellation and

143 Russian GLONASS constellation are sources of data in this study. All data points with

144 low elevation angles (< 30° between ray-path and horizon) have been discarded to in-

15 crease confidence in the measurements. Additionally, vertical TEC values were derived
146 by accounting for the elevation angles. The TEC data from each satellite-receiver pair
17 is de-trended by subtracting a rolling average over a 30-minute sliding window. This ap-

148 proach is similar to the methods discussed in S. R. Zhang et al. (2017) and Lyons et al.
149 (2019), and preferentially selects TIDs with periods less than 30 minutes. High frequency

150 components/noise were not filtered out in this approach. MSTIDs during this event were
151 large in amplitude and prominent, so TEC data processing is not as consequential as com-
152 pared to geomagnetically quiet intervals when perturbations in TEC are smaller.

153 2.3 Solar wind, IMF and geomagnetic indices

154 In the current study, 1-min averaged OMNI values (King & Papitashvili, 2005), time
155 shifted to the bow shock sub-solar point were used to examine the Interplanetary Mag-

156 netic Field (IMF) and solar wind conditions. The impact of geomagnetic disturbances

157 on mid-latitudes electrodynamics were examined using the asymmetric (Asym-H) and

158 symmetric (Sym-H) disturbance indices (Iyemori, 1990). Note that the Sym-H and Asym-
150 H indices have a temporal resolution of 1-minute. Finally, the impact of auroral electro-

160 jets during the event was analyzed using the AL and AU indices (Davis & Sugiura, 1966).
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Figure 1. An overview of the geomagnetic conditions on September 7th and 8th, 2017. The
conditions are shown over a 48 hour window, with the relevant time period for this study high-
lighted in green. The top two panels show IMF Bz/By, solar wind speed and density from the
OMNT dataset. Third panel shows the auroral electrojet indices AU and AL, and the fourth
panel shows the Sym-H/Asy-H indices.

3 Results
3.1 Event Overview

The event analyzed in this study occurred during the main phase of a major ge-
omagnetic storm on Sep 7-8, 2017. Kp reached a peak of 9 at ~1:30 UT on September
8th, 2017. An overview of the geomagnetic conditions over a 48-hour interval is presented
in Figure 1. From top to bottom, the figure presents IMF Bz and By components, so-
lar wind velocty (Vx) and number density, AL and AU indices, and Sym-H and Asy-H
indices. The specific period of interest for this study is highlighted in the figure as the
time interval between 23 UT on Sep 7, 2017 and 2 UT on Sep 8, 2017. It can be noted
that IMF Bz turns sharply negative at ~23:00 UT on the 7th, dropping to ~-30 nT by
0:00 UT on the 8th. Around the same time, solar wind velocity increases from km/s to
700 km/s along with multiple upturns in number density. We note that the Sym-H in-
dex drops to ~-200 nT during the interval of interest, marking the main phase of the ge-
omagnetic storm. Finally, elevated AL magnitude (~-2500 nT) and upticks in the Asy-

H index (reaching 250 nT) are indicative of strong substorm activity and enhancement

of the partial ring current. Overall, MSTIDs analyzed in this study occurred during an
interval of strong geomagnetic driving when SAPS is expected to dominate the sub-auroral
ionosphere with velocities reaching several hundred m/s (Kunduri et al., 2018; S. R. Zhang
et al., 2019).

3.2 GNSS TEC Observations

A snapshot of raw and de-trended GNSS TEC measurements during the main phase
of the storm at 0 UT on Sep 8, 2017 is presented in Figure 2. The top panel of the fig-
ure shows raw TEC measurements over the North American continent and the bottom
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panel show the 30-minute de-trended TEC, scaled according to the color bar on the right.
The outlines of Christmas Valley East beam 18, Fort Hays West beam 18, and Fort Hays
East beam 14 are overlaid in the top-panel to provide context when comparing TEC mea-
surements with SuperDARN in later sections. The de-trended TEC data shows a com-
plex TID pattern including both LSTIDs and MSTIDs. The focus of this study is the
MSTID activity observed in the north-central United States, centered around 45°N, 95°W
(see region outlined in Figure 2.b). For reference, this location is about 150km west of
Minneapolis, Minnesota. An important feature is that the MSTIDs are collocated with

a trough-like feature observed in raw TEC data. A previous study (S. R. Zhang et al.,
2019) reported observations of SAPS by the Millstone Hill ISR during the event, sug-
gesting these MSTIDs could be linked to SAPS flows. The MSTID phase fronts are ori-
ented North-Northwest to South-Southeast, suggesting that the direction of propagation
is West-Southwest.

The propagation direction is shown in Figure 3 which displays de-trended TEC as
a function of latitude vs UT (top panel) and longitude vs UT (bottom panel). This fig-
ure considers the de-trended TEC sampled geographically within the region of between
43-47°N and 108-112°W. As the sampled region is small relative to the MSTID struc-
tures, the latitude and longitude plots appear similar. The sampled region for Figure 3
is in the Western portion of the the red highlighted area in Figure 2. The perturbations
in de-trended TEC are particularly strong, reaching an amplitude of +4 TECu which
forms a significant proportion of the background TEC, which varies between 10-20 TECu.
In Figure 3.a, a slight equator-wards component can be detected. The Westwards ve-
locity component (~1 degree per minute) is stronger than the Southward component.
The period of the MSTIDs are consistent between both plots. This period varies from
~7-20 minutes throughout the interval from 0 UT to 2 UT. In the next sections, the per-
turbations in de-trended TEC will be compared with SuperDARN observations and the
role of different factors such as electric fields in driving these MSTIDs will be analyzed.

3.3 SuperDARN Observations

The US mid-latitude SuperDARN radars were making measurements over the North
American sector during the event. Of particular interest are the Christmas Valley East
(CVE), Christmas Valley West (CVW), Fort Hays East (FHE), and Fort Hays West (FHW)
radars. Fields-of-view of these radars cover the region where MSTIDs were observed in
GNSS TEC. A snapshot of the measurements from the FHE and FHW radars at 0 UT
on Sep 8, 2017 (same time presented in Figure 2) is shown in Figure 4. The top panel
shows the LOS velocities observed by the radars and the bottom panel shows the power,
scaled according to the color bar on the right. The red outline in the bottom panel marks
the same region outlined in Figure 2 where MSTID activity was observed. We can note
that SuperDARN backscatter power exhibits zonal variability, alternating between high
and low-powered regions. It can also be noted that the radars were observing ionospheric
backscatter with LOS speeds reaching 1 km/s. Another feature that stands out is the
systematic transition from positive LOS velocities (blue colored) in FHE to negative LOS
velocities (red colored) in FHW. This behavior suggests that the background plasma con-
vection in the region is predominantly westwards. Multiple US mid-latitude SuperDARN
radars observed strong ionospheric backscatter with LOS speeds reaching 1 km/s in the
region where MSTIDs were observed in GNSS TEC data.

3.4 Comparison Between SuperDARN and GNSS TEC Observations

Projecting high-resolution GNSS TEC data along SuperDARN beams allows for
direct comparison of the spatio-temporal variability observed in both datasets. GNSS
TEC data is assumed to be sourced from a single pierce-point, which can be mapped within
a given radar beam’s footprint, with associated slant range and time. Note that the slant
range for GNSS TEC is not limited to 45km bins as would be the case for SuperDARN
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Figure 3. Spatio-temporal variability from TEC sampled with a limited 4x4 degree area. (a)
shows de-trended TEC plotted as a function of latitude and UT plot and (b) shows de-trended
TEC as a function of longitude and UT. TEC data for this plot is taken between 43-47°N and
108-112°W which corresponds to approximately 800km in slant range on Christmas Valley East
beam 18.

data, and instead can be considered a continuous measurement. Similarly, the high-resolution
GNSS TEC data has a 30 second time cadence, which is twice as fast as SuperDARN
data which takes 1-2 minutes to complete a full scan across all beams. Despite the dif-
ferences in the spatial and temporal resolutions of these datasets, this technique enables

a direct comparison between observations made by a specific radar beam and the GNSS
TEC within that beam. Figure 5 demonstrates a comparison along beam 18 of the CVE
radar (left most beam marked Figure 2.a). Panel (a) of the figure presents de-trended
TEC data projected along the beam, panel (b) presents the backscatter power observed
on the beam, and panel (c) shows both the overlaid on top of each other. Similar to the
observations presented in Figure 2 strong perturbations can be clearly noted from panel
(a) starting ~2330 UT on Sep 7 and continuing until 2 UT on Sep 8. A very similar “stri-
ation” in SuperDARN power can be observed in panel (b) with enhancements in backscat-
ter power reaching 40 dB. Another interesting feature is that the “striations” can be ob-
served at both near (< 500 km) and far ranges (1000-1500 km), over a total span of al-
most 2000 km. Finally, panel (¢) qualitatively shows that the positive perturbations (en-
hancements) in de-trended TEC align well with the enhancements in SuperDARN power.
The relation between de-trended TEC and SuperDARN backscatter power is further in-
vestigated using a correlation analysis in Figure 6 which shows a time-series plot com-
paring de-trended TEC and SuperDARN power between 300-600 km and 0045 and 0200
UT (marked in Figure 5). This range-time interval is chosen because of the absence of
data gaps in both datasets. In this period, peaks in SuperDARN power align well the
peaks in de-trended TEC, especially between 0100 and 0130 UT. A direct correlation be-
tween the two datasts is difficult due to the differences in temporal resolutions between
them and moreover, TECu is a linear unit whereas dB (SuperDARN power) is logarith-
mic. The 1D Pearson correlation coefficient calculated using a two minute rolling aver-
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Table 1. MSTID Characteristics as Determined by SuperDARN and TEC

Characteristic ~ Value from SuperDARN (CVE 18) Value from TEC

Wavelength 600 — 800 km 660 km
Phase Speed 800 — 900 m/s 800 m/s
Period 10 — 20 min 10 — 20 min

age over both the datasets was 0.29. The two datasets didn’t exhibit a strong correla-

tion, and the differences in the spatio-temporal cadence between the two datasets likely
contributed to it. However, it can be qualitatively stated that the peaks in de-trended
TEC aligned with enhancements in SuperDARN power. Additionally, an artifact of beam
forming SuperDARN radars is that the farther beams off boresight will have non-constant
azimuthal angles as elevation increases. This is known as the beam cone, and is described
by (André et al., 1998). This means that it is possible that measurements by CVE beam
18 and FHE beam 18 specifically may be slightly shifted from their reported position.
However, the scale sizes of the MSTIDs are larger than any potential shift due to the beam
cone effect, and it will not have a significant impact on our results.

In Table 1, the characteristics of the MSTIDs estimated from both the datasets are
summarized. Specifically, the wavelength, phase speed, and the time-period of the MSTIDs
are presented. These values were estimated manually. MSTID period was estimated by
calculating the time-interval between two phase fronts, while the phase speed was esti-
mated by calculating the slope of the striations. The process is illustrated in Figure 5.b,
where phase fronts are indicated by black lines. Beams that have a more zonal look di-
rection are more suitable for this analysis (such as CVE beam 18 shown in the figure),
since they are oriented more along the MSTID propagation direction. Note that the phase
speed is different from the LOS velocities measured by SuperDARN radar. Values from
SuperDARN radars show wavelengths between 500 and 1000 km, phase speeds of 800-

900 m/s (LOS), and a time-period of 10-20 minutes. TEC estimates of these character-
istics are in agreement. Estimates vary significantly through the event interval, as dif-
fering wave structures appear at different times. TEC estimates were made using Range-
Time-Intensity (RTI) TEC plots (Figure 5), and keogram plots (Figure 3). Overall, de-
spite the differences in spatio-temporal coverage between these two datasets, the char-
acteristics of the MSTIDs estimated from them are largely consistent.

So far, the spatio-temporal variations in de-trended TEC and SuperDARN power
have been compared and it was demonstrated that enhancements in TEC were collocated
with enhancements in SuperDARN power. In Figure 7, a comparison between de-trended
TEC and SuperDARN LOS vectors is presented along beam 14 of the FHE radar. In
a format similar to Figure 5, panel (a) presents de-trended TEC, panel (b) shows LOS
velocities along FHE beam 14, and panel (¢) shows both the datasets overlaid on top of
each other. Similar to the observations presented in Figure 5, strong perturbations in
TEC can also be observed along this beam. Note that the color bar for SuperDARN LOS
velocities shown in panel (b) is centered on 150 m/s to bring out the oscillations in ve-
locities. It can be seen that the LOS velocities between 2330 UT and 0100 UT and 300-
1200 km range oscillate around the central value with strong positive upswings collocated
with enhancements in TEC. The polarity changes in SuperDARN LOS velocities become
more evident in Figure 8 which is in the same format as Figure 7 but for beam 18 of the
FHW radar, which is the poleward looking beam near mid-western United States (see
Figure 2). (TEC coverage is sparse in the region which produces the data gaps in panel
(a) of Figure 8.) The main feature that stands out from the figure is the systematic po-
larity change in LOS velocities as the MSTIDs pass through the beam. The color bar
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panel (c) of Figure 5. Rolling averages of the datasets are compared using a 1D Pearson correla-

tion coefficient, resulting in p=0.29.
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is now centered at 0, and velocities now oscillate with peak amplitudes exceeding +300
m/s.

4 Discussion

In the previous sections, the characteristics of storm-time MSTIDs observed in high-
resolution GNSS TEC and SuperDARN datasets were examined. Here, the current ob-
servations will be compared with those presented in previous studies, and the role of dif-
ferent factors in driving these storm-time MSTIDs will be determined.

An important feature from Figure 5 is that MSTID signatures in SuperDARN were
observed in the near ranges (<500 km) as well as the farther ranges (~1000-1500 km).
Due to the nature of HF propagation, widley distributed backscatter from farther ranges
is primarily due to F region irregularities, while backscatter from closer than about 600
km must be due to E region irregularities (Chisham et al., 2008). The transition in backscat-
ter mode can be appreciated in Figure 5 with the change in backscatter characteristics
that occurs at about 600 km. Here the intermittent backscatter at further ranges gives
way to continuous backscatter over the E region ranges. While SuperDARN slant range
can provide some additional context regarding the region of the ionosphere producing
the backscatter, it is difficult to resolve altitude profiles of electron density using the GNSS
TEC dataset. However, it is likely that a significant contribution to the variability ob-
served in TEC is coming from the F region, where electron densities are expected to be
the highest, even during geomagnetic storms (Hocke et al., 2019). A comparison between
Figures 2 and 5 shows that the variability in TEC (indicated by dTEC) was very strong
(~50% of the background values), suggesting that the F-region electron densities might
be making significant contributions to the variability observed during this event. Over-
all, these observations from SuperDARN and GNSS TEC suggest that there was a strong
coupling between the E and the F regions of the ionosphere during this event such that
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MSTID signatures are observed in both regions. This raises a key question: Do these MSTIDs
originate in the E-region or the F-region? It is possible that Hall current driven processes
generate polarization electric fields in the E-region which map into the F region and drive
MSTIDs (Tsunoda & Cosgrove, 2001). It is also possible that E region echoes in Super-
DARN are modulated by MSTIDs originating in the F-region. Previous studies have sug-
gested that coupling between the E- and the F-regions and sporadic-E layers can aug-
ment and enhance the instabilities associated with MSTIDs (Otsuka et al., 2007; Ogawa

et al., 2009). The Gradient Drift Instability (GDI) was suggested to be the primary plasma
instability mechanism generating field-aligned irregularities observed by SuperDARN in
such a case (Hiyadutuje et al., 2022). Regardless of the source region, it is clear that inter-
region electrodynamics across altitude likely play a key role in furthering the plasma in-
stability driving these storm time MSTIDs.

From Figure 1, it can be noted that the MSTIDs reported during this event were
observed during the initial phases of a major geomagnetic storm. S. R. Zhang et al. (2019)
analyzed the same event using the high-resolution GNSS TEC dataset and suggested two
possibilities. The first is that ion-neutral frictional heating from the westward SAPS flows
in the region produces AGWs and associated MSTIDs. Global Ionosphere-Thermosphere
model (GITM) simualtions presented by Guo et al. (2018) showed that strong SAPS flows
can significantly heat the thermosphere and drive TIDs. The second possibility is that
polarization electric fields induced by an electrodynamic instability (e.g., Perkins, 1973)
are driving the MSTIDs. It is not possible to determine if electrodynamic instabilities
are driving the MSTIDs based soley on GNSS TEC data. Instead, additional measure-
ments, such as those showing polarization electric fields, are needed. A few previous stud-
ies have shown that polarization electric fields, which systematically switch polarities be-
tween the crests and troughs in MSTIDs, manifest as oscillations in SuperDARN Doppler
velocities (e.g., Ogawa et al., 2009; Suzuki et al., 2009). Such oscillations in the line-of-
sight Doppler velocities are clearly evident during the current event, in beam 14 of the
FHE (Figure 7) and beam 18 of the FHW (Figure 8) radars. The SuperDARN obser-
vations therefore confirm the presence of polarization electric fields during this event, and
are in agreement with the conjecture made by S. R. Zhang et al. (2019) that these MSTIDs
are driven by an electrodynamic instability. Finally, the south-westward propagation of
MSTIDs observed during this event is similar to observations of electrified MSTIDs re-
ported previously by Ogawa et al. (2009), which has been attributed to preferential Joule
damping associated with electrodynamic instability processes (Kelley, 2011).

Previous studies have used mid-latitude SuperDARN observations in the Japanese
sector to identify and analyze electrified MSTIDs driven by polarization electric fields
(Ogawa et al., 2009; Suzuki et al., 2009). However, these reports focused on geomagnet-
ically quiet intervals. Consequently, the main differentiating factor between the current
observations and previous reports is the strong geomagnetic driving during this event
(see Figure 1). We note from Figures 5, 7, and 8 that both the radar power and LOS
velocity amplitude variations are almost an order of magnitude stronger than those re-
ported previously. These differences are perhaps unsurprising, as this study is of an in-
tense storm time event, and the mid-latitude electrodynamics are expected to be dom-
inated by strong SAPS electric fields (S. R. Zhang et al., 2019). During geomagnetically
quiet intervals, the mid-latitude electric fields are expected to be relatively weaker and
driven by neutral winds (Suzuki et al., 2009). An examination of Figure 4 shows that
the background plasma convection is predominantly westwards during the MSTIDs. The

spatio-temporal relationship between SuperDARN LOS velocity and TEC enhancements/depletions

observed during the current event is different when compared to previous reports of quiet-
time electrified MSTIDs (Otsuka et al., 2007, 2009; Suzuki et al., 2009). Specifically, en-
hancements in SuperDARN power during this event are aligned with enhancements in
GNSS TEC (Figures 5 and 6), in contrast to quiet-time events where strong HF echoes
were correlated with depletions in airglow/TEC (Otsuka et al., 2007, 2009; Suzuki et al.,
2009; Ogawa et al., 2009). An interpretation of these observations is presented in Fig-
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ure 9. The figure shows MSTID wavefronts passing through a poleward-directed radar
beam. Regions of high TEC (conductivity) are shaded in dark. The directions of induced
polarization electric fields (Ep) and the corresponding ExB drifts (9) are marked in the
figure. In the F-region, at mid-latitudes, the Pedersen current can be given as Jp = X, (Ep+
Ux B), here Ej is the background electric field, U is the neutral wind velocity, and B

is the magnetic field. The westward directed plasma convection observed during the event,
likely associated with SAPS, suggests that Ey is the dominant component and is pre-
dominantly northwards. U is assumed to be much smaller compared to Ej since the event
was observed during the early phases of a storm and the role of the neutral wind (the
disturbance dynamo) is expected to be significant during the recovery phase (Blanc &
Richmond, 1980). Consequently, Jp is also directed northwards, in the same direction

as Fy. Note that the electrodynamics during the event are significantly different from

the quiet-time events (Kp = 0) reported by Suzuki et al. (2009) which assume U is the
dominant component and neglect the role of Ey. To maintain current continuity, polar-
ization electric fields are induced orthogonal to the MSTID wave fronts by Jp such that

they are directed north-eastwards(south-westwards) in regions of TEC depletion(enhancement).

In other words, the polarization electric field has a component in the direction of Jp in
regions of reduced conductivity, and away in regions of enhanced conductivity. The sce-
nario is illustrated in Figure 9. The ExB drift associated with these polarization elec-
tric fields would be directed towards (positive LOS velocities) the radar in regions with
high TEC, and away (negative LOS velocities) in regions with low TEC. Since the ExB
drifts associated with the polarization electric fields are expected to be predominantly
meridional, the corresponding velocity changes will be prominent in poleward-directed
beams, such as beam 18 of FHW (Figure 8). This mechanism is consistent with the sense
of the observations presented in Figures 7 and 8. For example, Figure in 7.b two distinct
MSTID wave fronts are observed between midnight and 1:00 UT as enhancements in TEC,
and corresponding SuperDARN observations show positive (blue/towards the radar) LOS
velocities collocated with these enhancements.

Overall, this study presents a new class of electrified MSTIDs that are distinct from
the typical quiet-time MSTIDs reported previously (Otsuka et al., 2004, 2007; Ogawa
et al., 2009, e.g.,). The oscillations in SuperDARN LOS velocities and dTEC were al-
most an order of magnitude stronger than those observed during quiet-times (Suzuki et
al., 2009) and a new mechanism has been proposed to explain the generation of polar-
ization electric fields during intervals of strong geomagnetic driving.

5 Conclusions

This study has analyzed observations of MSTIDs during the September 7th/8th
2017 geomagnetic storm event, over mid-latitude North America. The event interval was
characterized by strong geomagnetic driving with Kp reaching 9, and SymH dropping
to nearly -200 nT. Signatures of MSTIDs were observed in both GNSS TEC and iono-
spheric backscatter in SuperDARN, with similar time-periods (~15 minutes), wavelength
(~700km), and phase speeds (~600 m/s). In SuperDARN, the MSTIDs produced os-
cillations ranging £500m/s in LOS velocities, and in detrended GNSS TEC strong per-
turbations reaching up to 50% of the background TEC value were observed. These MSTIDs
were propagating in the southwestward direction, similar to previous reports of MSTIDs
observed on the nightside. SuperDARN data showed that the MSTID signatures were
observed in both near and farther ranges, suggesting strong coupling between the E and
the F-regions. Projecting detrended GNSS TEC data along SuperDARN beams showed
that enhancements in TEC were positively correlated with increases in SuperDARN SNR,
contrary to previous observations which showed that these parameters were anti-correlated,
at least in quiet time events. Strong oscillations in LOS velocities observed in SuperDARN
indicated a systematic reversal in the polarity of the electric fields between the crests and
troughs of the MSTIDs, confirming the presence of polarization electric fields during the
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event. The poleward directed background electric fields associated with westward directed
plasma convection observed during the event were hypothesized to generate the polar-
ization electric fields. Overall, the storm-time MSTIDs reported in this study were driven
by an electrodynamic instability and were distinct from previous reports of electrified
MSTIDs which were observed during quiet geomagnetic intervals.

6 Open Research

SuperDARN data can be found at the Virginia Tech SuperDARN webpage at https://
www.frdr-dfdr.ca/repo/collection/superdarn. SuperDARN data has been processed
using the Radar Software Toolkit (Burrell et al., 2022). LOS GNSS TEC data is avail-
able at http://www.openmadrigal.org. Individual GNSS TEC data files used in this
study can be found at https://w3id.org/cedar?experiment_list=experiments2/2017/
gps/07sepl7&file 1ist=10s_20170907.004.h5 and https://w3id.org/cedar?experiment
_list=experiments2/2017/gps/08sepl7&file _list=10s_20170908.004.h5. Data pro-
cessing and visualization was done using open-source software, including Matplotlib (Hunter,
2007), Pandas (Wes McKinney, 2010), IPython (Pérez & Granger, 2007), Cartopy (Met
Office, 2010 - 2013), Scipy (Virtanen et al., 2020), and others (Millman & Aivazis, 2011).
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