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Abstract Kawai et al. (2021) reported the first ground-satellite conjugate observation of nighttime
medium-scale traveling ionospheric disturbances (MSTIDs), by analyzing measurements from an airglow
imager at Gakona (geographic latitude: 62.39°N, geographic longitude: 214.78°E, magnetic latitude: 63.60°N)
and the Arase satellite in the magnetosphere on 3 November 2018. The Arase satellite observed variations in
both the polarization electric field and the electron density as the Arase footprint passed through the MSTID
structures in the ionosphere. In this study, we investigated whether these electric field and density variations
associated with MSTIDs at subauroral latitudes are always observed by Arase in the magnetosphere. We used
three airglow imagers installed at Gakona, Athabasca (geographic latitude: 54.60°N, geographic longitude:
246.36°E, magnetic latitude: 61.10°N), and Kapuskasing (geographic latitude: 49.39°N, geographic longitude:
277.81°E, magnetic latitude: 58.70°N) and the Arase satellite. We found eight observations of MSTIDs
conjugate with Arase. They indicate that electric field and density variations associated with MSTIDs are not
always observed in the magnetosphere. These variations tend to be observed in the magnetosphere during
geomagnetically quiet times and when the amplitude of the MSTID is large. We categorized the MSTIDs into
those caused by plasma instabilities and gravity waves and found that the electric field and density variations
can be observed in the magnetosphere for both types of MSTIDs.

Plain Language Summary Medium-scale traveling ionospheric disturbances (MSTIDs) involve
the propagation of electron density perturbations in the ionosphere. Kawai et al. reported an event in which
MSTIDs were generated in the magnetosphere-ionosphere coupled system using an airglow imager at Gakona
(62.39°N, 214.78°E, 63.60°MLAT) and the Arase satellite. This was the first conjugate observation of
nighttime MSTIDs with a magnetospheric satellite. In this study, we investigate whether those electric field and
density variations associated with MSTIDs are always observed by Arase in the inner magnetosphere. We found
eight conjugate observations of nighttime MSTIDs using airglow imagers at Gakona, Athabasca (54.60°N,
246.36°E, 61.10°MLAT), and Kapuskasing (49.39°N, 277.81°E, 58.70°MLAT) and the Arase satellite. They
indicate that electric field and density variations associated with MSTIDs are not always observed in the
magnetosphere. These variations tend to be observed in the magnetosphere during geomagnetically quiet times
and when the amplitude of the MSTID is large. We categorized the MSTIDs into those caused by plasma
instabilities and gravity waves and found that the electric field and density variations can be observed in the
magnetosphere for both types of MSTIDs.

1. Introduction

Traveling ionospheric disturbances (TIDs) are phenomena in which electron density perturbations in the iono-
sphere propagate with wave-like structures. Hunsucker (1982) defined medium-scale TIDs (MSTIDs) when hori-
zontal velocity, oscillation period, and horizontal wavelength are in the range of 100-250 m/s, 15-60 min, and
several hundred kilometers, respectively. MSTIDs are frequently observed at middle latitudes, but also at low and
high latitudes. MSTIDs have been widely studied for a long time by using various instruments such as airglow
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imagers (e.g., Mendillo et al., 1997; Taylor et al., 1998), ionosondes (Bowman, 1990), and total electron content
(TEC) detectors (e.g., Otsuka et al., 2013; Saito et al., 1998).

Several studies have been conducted to understand the characteristics and generation mechanism of night-
time MSTIDs. Nighttime MSTIDs in the middle latitudes are believed to be caused by the Perkins instabil-
ity (Perkin, 1973). However, the growth rate of the MSTIDs is too small to support measurements. Vertical
coupling processes between ionospheric E and F region significantly affect the growth of the MSTIDs (Cosgrove
& Tsunoda, 2001, 2004; Yokoyama et al., 2004, 2009; Yokoyama & Hysell, 2010; Narayanan et al., 2018).
High-latitude MSTIDs show sudden change of their propagation directions associated with auroral brightening
and geomagnetic disturbances (Shiokawa et al., 2012; Yadav et al., 2020). Gravity waves in the neutral atmosphere
are another cause of MSTIDs (e.g., Fukushima et al., 2012; Moral et al., 2019). Kubota et al. (2011) and Shiokawa
et al. (2013) reported that some MSTIDs observed in airglow images at subauroral latitudes show characteristics
of gravity waves in the thermosphere. Polarization electric field can be created by gravity waves in the thermo-
sphere due to neutral wind oscillations and the F-region dynamo (e.g., Chou et al., 2018; Liu & Vadas, 2013). The
polarization electric fields associated with the growth and generation of the MSTIDs are mapped to the topside
of the ionosphere along the magnetic field lines (Shiokawa et al., 2003). Then the first conjugate observations
of MSTIDs were reported by Otsuka et al. (2004) and Shiokawa et al. (2005) using airglow imagers in Japan
and Australia. They showed that MSTIDs have mirrored structures at the geomagnetically conjugate points at
both hemispheres in the Asian sector. The conjugacy of MSTIDs in the American and Europe-Africa longitu-
dinal sectors was shown by Martinis et al. (2011, 2018). Chou et al. (2022) reported geomagnetic conjugacy of
MSTIDs caused by electrodynamic coupling of tsunami/volcano-induced gravity waves with ionospheric plasma.

Recently Kawai et al. (2021) reported that the Arase satellite in the inner magnetosphere observed the electric field
variations associated with the MSTID that was captured in the 630.0-nm airglow images at Gakona, Alaska, on
3 November 2018 at subauroral latitudes. Arase also observed the electron density fluctuations which are caused
by E X B drift of magnetospheric plasma by the electric field variations associated with MSTIDs. However, their
report of magnetosphere-ionosphere coupling of MSTIDs was limited for only one event, because of difficulty to
find out good conjugate measurement of MSTIDs by airglow imagers and magnetospheric satellites.

In this paper, based on multi-point ground-satellite observations of MSTIDs over 4 years, we present multi-event
study of nighttime MSTIDs using all-sky airglow imagers in North America (Athabasca, Gakona, and Kapuskas-
ing) at subauroral latitudes and the Arase satellite flying near the equatorial plane of the inner magnetosphere, in
order to check whether the electric field and electron density variations associated with MSTIDs are always mapped
to the magnetosphere. We found that the MSTIDs did not always show the magnetosphere-ionosphere correspond-
ence. Clear magnetosphere-ionosphere correspondence of MSTIDs tends to be observed under geomagnetically
quiet condition and with larger amplitude of the MSTIDs. We categorized the MSTIDs into those caused by plasma
instabilities and gravity waves and found that both types of MSTIDs show mapping to the magnetosphere.

2. Instrumentation
2.1. Exploration of Energization and Radiation in Geospace (ERG)

The exploration of energization and Radiation in Geospace (ERG) satellite, also named as Arase, was launched
on 20 December 2016 to investigate how energetic particles are generated and lost, and how space storms are
developed (Miyoshi, Shinohara, et al., 2018). The Arase satellite is in an elliptical Earth orbit (perigee: ~440 km,
apogee: ~32,000 km) with a period of ~570 min and is equipped with several instruments. In this study, we
use the High-Frequency Analyzer (HFA) (Kasahara, Kumamoto, et al., 2018; Kumamoto et al., 2018) and the
Electric Field Detector (EFD) (Kasaba et al., 2017; Kasahara, Kasaba, Matsuda, et al., 2018) of the Plasma
Wave Experiment (PWE) (Kasahara, Kasaba, Kojima, et al., 2018), and the Magnetic Field Experiment (MGF)
(Matsuoka, Teramoto et al., 2018; Matsuoka et al., 2018a, 2018b). The Arase data in this study are analyzed by
the Space Physics Environment Data Analysis Software (SPEDAS) tool (Angelopoulos et al., 2019).

2.2. Ground-Based Airglow Imagers at Subauroral Latitudes and Conjugate Event Search

We use several criteria to sort out the conjugate observations of MSTIDs using airglow imagers and the Arase
satellite. We first use 10 airglow imagers of the Optical Mesosphere Thermosphere Imagers (OMTIs, Shiokawa
etal., 1999, 2017) at Athabasca and Kapuskasing in Canada, Paratunka, Magadan, Zhigansk, and Istok in Russia,
Tromsg in Norway, Nyrold in Finland, Gakona in Alaska, and Hisafell in fsland, over 4 years of April 2017-April
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Table 1 ;5
List of the Specifications of Imager #7, #16, and #19 S
Filter Observation Filter bandwidth Typical sensitivity Exposure
number Species wavelength [nm] [nm] [count/r/s] time [s] Binning

Camera #7 (C7, Athabasca, 512 X 512 pixels)

1 o1 557.7 1.760 0.2000 5 2x%2 %
2 Ol 630.0 1.650 0.3190 30 2x2 %
3 OH 720-910 190.000 - 1 2x2 g
4 H-beta 486.1 1.320 0.1930 40 2x2 %
5 background 572.5 1.630 0.2140 15 2x2 g
6 Ol 844.6 1.200 0.1480 25 2x2 ;
7 Na 589.3 1.500 0.5430 15 2x2 g
Camera #16 (CG, Kapuskasing, 1,024 x 1,024 pixels) E::
1 Ol 557.7 1.783 0.5185 15 2x2 %i
2 Ol 630.0 1.644 0.5343 30 2x2 é
3 OH >720 - - 1 2x2 Z
4 H-beta 486.1 1.346 0.3558 30 2x2 §:>
5 background 572.5 1.498 0.4542 30 2x2 é
Camera #19 (CJ, Gakona, 1,024 x 1,024 pixels) *:
1 ol 557.7 1.781 0.4966 15 2x2 g
2 0] 630.0 1.685 0.5504 30 2x2 §
3 OH >720 - - 1 2x2 5
4 H-beta 486.1 1.364 0.3621 30 2x2 ;’,'
5 Background 572.5 1.492 0.4586 30 2x2 é

2021. Details of airglow imagers of OMTIs at these stations are shown by Shiokawa et al. (1999, 2017, also at
https://stdb2.isee.nagoya-u.ac.jp/omti/index.html). The airglow images obtained at these stations were catego-
rized into four levels of sky condition every hour by visual inspection, that is, (a) clear sky with stars, (b) a few
clouds and many stars, (c) many clouds and a few stars, and (d) overcast or rain. The 3,100 nights which include
sky condition (a) or (b) were the target of simultaneous observations. Then, we chose the 443 nights when the

Arase footprint passed through the field-of-view (FOV) of imagers at the time of sky condition (a) or (b). We
defined the imager FOV as +10.24° in latitude and longitude from the station location. The Arase footprints
used in this procedure are those stored in the Arase database and are those projected onto the ionosphere of the
northern hemisphere at an altitude of 100 km using the Tsyganenko-Sytnov 05 (TS05) model (Tsyganenko &
Sitnov, 2005). This Arase footprint database enables us to save time for calculation of the footprint location.
Next, by visual inspection we selected the 85 nights for which the MSTIDs were observed in the 630-nm airglow
deviation images. The airglow deviation images were obtained by subtracting 1-hr running averages from raw
images to clearly show the structures temporally and spatially variated. Finally, we selected eight events for
which Arase footprints crossed the MSTID phase fronts. These eight events were obtained at three stations shown
in Table 1, that is, Athabasca, Canada (geographic latitude (GLAT): 54.60°N, geographic longitude (GLON):
246.36°E; magnetic latitude (MLAT): 61.1°N), Kapuskasing, Canada (GLAT: 49.39°N, GLON: 277.81°E;
MLAT: 58.7°N), and Gakona, Alaska (GLAT: 62.39°N, GLON: 214.78°E; MLAT: 63.6°N). In this procedure,
the footprints were mapped onto the ionosphere at an altitude of 250 km using the Tsyganenko 01 (T01) model
(Tsyganenko, 2002a, 2002b), because the MSTIDs in the present analysis were observed during geomagnetically
quiet time when the TO1 model is more suitable for field-line mapping (Chen et al., 2006).

The specifications of the all-sky imagers (imager #7 (Athabasca), #16 (Kapuskasing), and #19 (Gakona)) used in
this study are shown in Table 1, based on Shiokawa et al. (2017). All these imagers have five filters at wavelengths
of 557.7 nm (oxygen atoms), 630.0 nm (oxygen atoms), 720-1,000 nm (OH-band), 486.1 nm (hydrogen atoms),
and 572.5 nm (background) for channels 1-5. The bandwidths of these filters are 1.320-1.783 nm except for
OH-band filters. In this analysis, 630.0-nm and 572.5-nm images were used to identify the MSTIDs. The 557.7-
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Figure 1. The 630.0-nm airglow deviation images at Athabasca on 25 February 2020. The images are in geographical
coordinates of 10° X 10° by assuming that a 630.0-nm airglow emission layer is at an altitude of 250 km. Black curves and
yellow stars indicate the Arase satellite trajectory and the footprint projected onto the ionosphere using the Tsyganenko 01
(TO1) model (Tsyganenko, 2002a, 2002b), respectively.

nm and OH images were also used to distinguish MSTID structures from clouds and auroras, because clouds and
auroras show similar structures in 557.7-nm, 630-nm, and OH images, while MSTIDs can be seen only in 630-nm
images. The 572.5-nm images are used to subtract continuous background emission to acquire the absolute inten-
sity of 630.0-nm images. The imagers' charge-coupled devices (CCDs) have 1,024 x 1,024 pixels at Gakona and
Kapuskasing and 512 x 512 at Athabasca. 2 X 2 binning was applied on the device to increase output count,
resulting in an image size of 512 X 512 and 256 X 256 pixels, respectively.

3. Observations

Case 1. Good correspondence event on 25 February 2020 at Athabasca

Figure 1 shows 630.0-nm airglow deviation images taken at 0321:00-0421:00 UT (1921:00-2021:00 LT) on 25
February 2020 at Athabasca, Canada. We use the 630.0-nm airglow deviation images obtained by subtracting
1-hr running averages of airglow intensity from raw images to discuss the perturbations in the airglow inten-
sity. These airglow deviation images are converted to geographical coordinates by assuming that a 630.0-nm
airglow emission layer exists at an altitude of 250 km. The black curves and the yellow stars indicate the
Arase satellite trajectory and footprint mapped at an altitude of 250 km using the Tsyganenko 01 (TO1) model
(Tsyganenko, 2002a, 2002b). The horizontal and vertical axes show the geographical longitude and latitude,
respectively.
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Figure 2. Arase satellite data observed at 0300-0430 UT on 25 February 2020, for (a) UHR frequency of electric field
spectra (level 2/version 1.02), (b) electron density, (c) electric field in GSM coordinates measured by u-sensor of the EFD
(level 2/version 5.01), (d) electron density fluctuations, (e) electric field variations in GSM coordinates calculated by
subtracting 30-min running averages, (f) 630.0-nm airglow deviations at the footprint of the Arase satellite. The labels below
the horizontal axis indicate the Mcllwain L value derived from the IGRF-13 model (Alken et al., 2021), magnetic local time
(MLT), magnetic latitude (MLAT), and radial distance from Earth (Re), and time (UT). The vertical red and blue dashed lines
show when the Arase satellite footprint crossed the bright and dark parts of the MSTIDs, respectively.
During this event, MSTIDs with a wavefront elongated north-south (N-S) were observed at the center part of the
images in Figure 1. The MSTIDs appeared at 247°-250°E and 53°-57°N starting at ~0300 UT (before the time
shown in Figure 1), and propagated westward. The footprint of the Arase satellite crossed the northern parts of the
wavefront at 246°-247°E and 57°-59°N from 0335:00 to 0405:00 UT. We estimated a wavelength of ~161 km,
a period of ~40 min, and a zonal phase velocity of ~68 m/s for these MSTIDs from the E-W keogram (shown
in Figure S8 in Supporting Information S1). These values roughly match the characteristic MSTID parameters
shown by Hunsucker (1982).
Figure 2 shows (a) upper hybrid resonance (UHR) frequency of electric field spectra obtained by PWE/HFA, (b)
electron density calculated from the UHR waves appearing in the spectra of Figure 2a and the ambient magnetic
field measured by MGF, (c) electric field in geocentric solar magnetospheric (GSM) coordinates measured by
KAWAI ET AL. 50f 17
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erved by Arase and the MSTIDs in the 630.0-nm airglow images at Athabasca. The black curves extending south to north are

the trajectory of Arase projected onto the ionosphere. The electric field variations are those shown in Figure 2e, mapped from the magnetosphere to the ionosphere, and
shown on the satellite trajectory by black lines. Each image shows only the electric field variations for 10 min before and after each time. The yellow star is the Arase
satellite footprint at corresponding time. The white dashed lines determined by visual inspection indicate the bright-dark boundaries of the MSTID near the satellite
footprint. The horizontal and vertical axis show the geographical longitude and latitude, respectively.

u-sensor of the EFD, (d) electron density fluctuations, (e) electric field variations in the GSM coordinates, (f)
630.0-nm airglow deviations at the footprint of Arase. We subtracted apparent electric fields due to satellite
motion in background geomagnetic field and due to corotation of the plasma with the Earth's rotation, in order to
obtain the electric field in Figure 2c. The variations in Figure 2d (electron density) and Figure 2e (electric field)
were calculated by subtracting 30-min running averages from those plotted in Figures 2b and 2c, respectively.
Because the time interval that the Arase satellite passes through the peak-to-peak of the MSTIDs is 20-30 min,
we apply the 30-min running average so that Figures 2d and 2e focus only on the waves with periods of less than
30 min. The horizontal axis is 0300-0430 UT. The angle between the satellite's spin plane and the local magnetic
field varied from ~12° at 0300 UT to ~30° at 0430 UT. The vertical red and blue dashed lines show the period
during which the footprint of Arase passed through the bright and dark parts of the MSTID, respectively. These
timings were determined based on the airglow images with satellite footprints shown in Figure 1. Because of the
noise of the images and because the footprint passed through just north of the MSTID structure, the red lines are
not always at the location of maximum intensity in Figure 2f. The strong vertically extended signals at 0400-0406
UT in Figure 2a are artificial calibration signal. We could determine UHR frequencies only intermittently during
this period.

The waveform showing the electron density fluctuations (Figure 2d) and the airglow deviations at the footprint of
Arase (Figure 2f) are very similar in the interval around the MSTID crossing. The correlation coefficient between
electron density fluctuations and the airglow deviations at the footprint of Arase is 0.426 during 0341-0407
UT (shown by red dashed lines) when the Arase satellite passed the phase fronts of the MSTIDs. The x- and
y-components of the electric field variations in GSM coordinates and the airglow deviations at the footprint of
Arase are also positively correlated.

We projected the electric field variations observed by Arase onto the ionosphere at an altitude of 250 km to
compare them with the MSTIDs observed by the airglow imager. Figure 3 shows the comparison of the MSTIDs
observed by the airglow imager and the electric field variations observed by Arase. The black curves extending
from the south (244°E, 56°N) to the north (246°E, 60°N) are the trajectory of Arase projected onto the iono-
sphere. The electric field variations in the ionosphere are calculated from the electric field observed by Arase,
assuming equipotential magnetic field lines (TO1 model). They are indicated by black lines on Arase's trajectory
in Figure 3. Each image of Figure 3 shows only the electric field variations for 10 min before and after each time.
The yellow star is the Arase satellite footprint at corresponding time. The white dashed lines in each image indi-
cate the bright-dark boundaries of the MSTIDs near the satellite footprint. The horizontal and vertical axis show
the geographical longitude and latitude, respectively.

The direction of the mapped electric field variations tends to point west-northwestward in the larger airglow
intensity region, while they point east-southeastward in the lower airglow intensity region. Throughout all images
in Figure 3, the direction of electric field variations reverses at the bright and dark boundaries of the MSTID. The
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Figure 4. The 630.0-nm airglow deviation images at Kapuskasing on 26 January 2019. The images are in geographical coordinates of 20° x 20° at an altitude of
250 km using the TO1 model. Black curves and yellow stars indicate the Arase satellite trajectory and the footprint projected onto the ionosphere, respectively. The dark
area at bottom part of each image is a mask to avoid a city-light.

amplitude of mapped electric field variations is ~10 mV/m. These good correspondences between electric field
and airglow deviations are very similar to the observation reported by Kawai et al. (2021).

Case 2. No correspondence event on 26 November 2019 at Kapuskasing

Figure 4 shows 630.0-nm airglow deviation images taken at 0233:20-0313:20 UT (2133:20-2213:20 LT) on 26
January 2019 at Kapuskasing, Canada. These airglow deviation images are converted to geographical coordinates
by assuming that the 630.0-nm airglow emission layer exists at an altitude of 250 km. The black curves and the
yellow stars indicate the Arase satellite trajectory and footprint mapped at an altitude of 250 km using the TO1
model.

In this event, the MSTIDs had a wavefront elongated from northwest-southeast (NW-SE) and propagated west-
ward. The MSTIDs appeared at 270°-285°E and 45°-55°N in these images (white dashed lines in Figure 4i). The
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Figure 5. Arase satellite data observed at 0230-0320 UT on 26 January 2019 for (a) UHR frequency of electric field spectra,
(b) electron density, (c) electric field in GSM coordinates measured by u-sensor of the EFD, (d) electron density fluctuations,
(e) electric field variations in GSM coordinates calculated by subtracting 15-min running averages, (f) 630.0-nm airglow
deviations at the footprint of the Arase satellite. The labels below the horizontal axis indicate the Mcllwain L value, MLT,
MLAT, Re, and UT. The vertical red and blue dashed lines show when the Arase satellite footprint crossed the bright and
dark parts of the MSTIDs, respectively.
footprint of the Arase satellite crossed the wavefront at 272°-281°E and 52°-55°N from 0243:20 UT to 0303:20
UT. We estimated a wavelength of ~239 km, a period of ~47 min, and a zonal phase velocity of ~76 m/s for
these MSTIDs from the E-W keogram (shown in Figure S14 in Supporting Information S1). These values roughly
match the characteristic MSTID parameters shown by Hunsucker (1982).
Figure 5 shows (a) UHR frequency of electric field spectra, (b) electron density, (c) electric field in the GSM
coordinates, (d) electron density fluctuations, (e) electric field variations in the GSM coordinates, (f) 630.0-nm
airglow deviations at the footprint of Arase. The apparent electric fields due to satellite motion and the rotation
of the Earth were subtracted in the electric field in Figure 5c. The variations in Figure 5d (electron density)
and Figure Se (electric field) were calculated by subtracting 15-min running averages from the data plotted in
Figures 5b and Sc, respectively. Because the time interval that the Arase satellite passes through the peak-to-peak
of the MSTIDs is ~10 min, we apply the 15-min running average so that Figures 5d and Se focus only on the
KAWAI ET AL. 8 of 17
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Figure 6. The electric field variations observed by Arase and the MSTID in the 630.0-nm airglow images at Kapuskasing. The black curves extending south to north
are the trajectory of Arase projected onto the ionosphere. The electric field variations in the ionosphere are those shown in Figure Se, mapped from the magnetosphere
to the ionosphere, and shown on this trajectory by black lines. Each image shows only the electric field variations for 5 min before and after each time. The yellow star
is the Arase satellite footprint at that time. The white dashed lines indicate the bright-dark boundaries of the MSTID near the satellite footprint. The horizontal and
vertical axis show the geographical longitude and latitude, respectively.

waves with periods of less than 15 min. The horizontal axis is 0230-0320 UT. The angle between the satellite's
spin plane and the local magnetic field varied from ~15° at 0230 UT to ~48° at 0320 UT. Again, the vertical red
and blue dashed lines show the period during which the footprint of Arase passed through the bright and dark
parts of the MSTID, respectively, based on Figure 4.

From Figures 5d-5f, the electric field variations and electron density variations observed by Arase seem not to
synchronize with the airglow deviations at the footprint of Arase. The electric field variation in Figure 5f does not
show any significant variation in the time scale of airglow variation. The correlation coefficient between electron
density fluctuations and the airglow deviations at the footprint of Arase is 0.092 during 0247:50-0303:20 UT
(interval from leftmost blue to rightmost red dashed lines) when the Arase satellite passed the phase fronts of the
MSTIDs.

Figure 6 shows the comparison of the MSTIDs observed by the airglow imager and the electric field variations
observed by Arase. The black curves extending from the west (270°E, 55.5°N) to the east (282°E, 51°N) are the
trajectory of Arase projected onto the ionosphere. The electric field variations in the ionosphere are indicated by
black lines on Arase's trajectory in Figure 6. Each image of Figure 6 shows only the electric field variations for
5 min before and after each time. The yellow star is the Arase satellite footprint at that time. The white dashed
lines of each images indicate the bright-dark boundaries of the MSTIDs near the satellite footprint. The horizon-
tal and vertical axis show the geographical longitude and latitude, respectively.

The maximum amplitude of mapped electric field variations is ~3 mV/m. The direction of the electric field
variations seems to change before and after the footprint of Arase. However, the direction of the electric field
variations during 0250:20-0254:50 UT (time from Figure 6a to Figure 6b) was not unidirectional, even though
the footprint of Arase was located in the bright part of the MSTIDs. Before 0250:22 UT, the footprint was located
in the dark part of the MSTIDs, and the direction of the electric field variations is southwestward. On the other
hand, during 0254:50-0300:22 UT (time interval from Figure 6b to Figure 6¢), the footprint was also located in
the dark part of the MSTIDs, but the direction of the electric field variations is northeastward.

4. Multi-Event Analysis and Discussion

As shown in the two examples in Section 3, we found eight conjugate observations of nighttime MSTIDs using
airglow imagers at Athabasca, Gakona, and Kapuskasing and the Arase satellite. The all-sky images with Arase
footprints, similar to Figures 1 and 4, are shown in Figures S1-S6 in Supporting Information S1 for the other six
events. The longitudinal cross sections (keograms) of all-sky images to show motion of these MSTIDs for all
the eight events are shown in Figures S7-S14 in Supporting Information S1. We base the overall discussion on
these eight events.
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Figures 7 and 8 show (top) the electron density fluctuations, (middle) electric field variations in the field-aligned
(FA) coordinates, and (bottom) airglow deviations at the footprint of Arase for all eight events. The FA coordinate
system consists of azimuth, radial, and parallel to the background magnetic field lines. In Figures 7 and 8, the
azimuth and radial components of the electric field variations are plotted in the middle panel. The parallel compo-
nent of the electric field was assumed to be zero when we calculated the azimuth and radial components of
the electric field from the two-wire antenna data of Arase. Apparent electric fields due to satellite motion and
Earth's rotation were subtracted. The airglow deviations in these figures are obtained by subtracting 1-hr running
averages. The variations of electron density and electric fields were calculated by subtracting running averages
with time scales of 15 min (Figures 7g-7i, 8d, 8e, 8f, 8g, 8h, 8i, 8j, 8k and 81), 20 min (Figures 7a-7c, 7j, 7k,
71, 8a, 8b and 8c), and 30 min (Figures 7d-7f). These time scales of running average subtraction were determined
to match with the time scales of satellite crossing of the MSTID structures, as shown in cases 1 and 2 in Section 3.
Note that the velocity of the ionospheric footprint of Arase significantly varies depending on the radial distance
of the satellite from the Earth.

Figure 7 shows events (a, b, c) at Athabasca on 1 January 2019, (d, e, f) at Athabasca on 25 February 2020, (g,
h, 1) at Athabasca on 26 November 2020, (j, k, 1) at Gakona on 3 November 2018. Figure 8 shows events all at
Kapuskasing (a, b, ¢) on 7 July 2018, (d, e, f) on 10 August 2018, (g, h, i) on 11 January 2019, (j, k, 1) on 26 Janu-
ary 2019. The events shown in Figures 7d—7f and 8j—8I are cases 1 and 2 in Section 3, respectively. The vertical
red and blue dashed lines in Figures 7 and 8 show when the Arase satellite footprint crossed the bright and dark
parts of the MSTIDs, respectively.

In Figures 7a—7c, both density and electric field variations do not show clear correspondence with the airglow
variations in the bottom panel, though the airglow variations associated with MSTIDs are rather clear. In
Figures 7d-7f, density, radial component of electric field, and airglow deviations have similar waveforms during
0341:00-0407:00 UT (interval from leftmost red to rightmost red dashed lines). In Figures 7g—7i, Arase did
not observe electric field variations associated with airglow deviations of the MSTIDs in Figure 7i. The density
variation in Figure 7g is small, but some correspondence is seen associated with the MSTIDs, as shown later. In
Figures 7j—71, density variations and airglow deviations are negatively correlated. Radial component of electric
field variations is positively correlated with airglow deviations, while azimuth component of electric field varia-
tions is negatively correlated with airglow deviations.

In Figures 8a—8c, no Arase electric field data are available during this event. Density variations are negatively
correlated with airglow deviations of the MSTIDs. In Figures 8d—8f, density variations are positively correlated
with the airglow deviations (similar decreasing trends in both data between the two dashed lines). Azimuth and
radial components of electric field variations show positive and negative correspondence with airglow deviations,
respectively. In Figures 8g—8i, the waveforms of density variations and airglow deviations are similar. However,
they did not show clear correspondence. In Figures 8j—81, both density and electric field variations did not show
correspondence with the airglow deviations.

Nighttime MSTIDs are expected to accompany polarization electric field due to variation of conductivity and
background ionospheric current (e.g., Perkin, 1973; Shiokawa et al., 2003; Yokoyama et al., 2009). The 630-nm
airglow intensity can be considered as a proxy of ionospheric F-region Pedersen conductivity, because the
630-nm airglow is caused by collision between F-region O* ions and the neutral O, in the thermosphere (e.g.,
Makela & Kelley, 2003; Sobral et al., 1993). If the polarization electric field associated with MSTIDs is mapped
to the magnetosphere and observed by Arase, we should have correlation between the electric field variations
observed by Arase and airglow intensity variations at the satellite footprint locations in the ionosphere. As shown
by Figure 11 of Kawai et al. (2021), the polarization electric field can also cause electron density variations in the
magnetosphere due to E X B drift of magnetospheric plasma which usually has an inward radial gradient (e.g.,
Carpenter & Anderson, 1992). Thus, we also expect correlation between the electron density variations observed
by Arase and the airglow intensity variations at the footprint locations. The correlation can be either positive or
negative, depending on the direction of polarization electric field and the direction of density gradient. Thus, we
investigated absolute values of correlation coefficient between airglow intensity variations A at satellite foot-
print locations and electric field variations (A Ey, AE,) and electron density variations A N e observed by Arase.

Table 2 summarizes a list of conjugate observation events of nighttime MSTIDs obtained by the ground airglow
imagers and the Arase satellite. The columns represent, from left to right, event number, observation date, station,
observation time in magnetic local time (MLT), representative wavelengths and periods, absolute value of corre-
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Figure 7. (top) the electron density fluctuations, (middle) the electric field variations in the field-aligned (FA) coordinate, and (bottom) the airglow deviations at

the footprint of Arase for the events (a—c) at Athabasca on 1 January 2019, (d—f) at Athabasca on 25 February 2020 (Case 1 in Section 3), (g—1) at Athabasca on 26
November 2020, (j-1) at Gakona on 3 November 2018. The vertical red and blue dashed lines show the times when the Arase satellite footprint crossed the bright and
dark parts of the MSTIDs, respectively.
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Figure 8. (top) The electron density fluctuations, (middle) the electric field variations in the FA coordinate, and the airglow deviations at the footprint of Arase. This
figure shows events all at Kapuskasing (a—c) on 7 July 2018, (d—f) on 10 August 2018, (g—i) on 11 January 2019, (j-1) on 26 January 2019. The vertical red and blue
dashed lines of each panel show when the Arase satellite footprint crossed the bright and dark parts of the MSTIDs, respectively.
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Table 2
Event List of Simultaneous Observations of Nighttime MSTIDs

Date Typical Typical Abs. Abs. Abs. MSTID
Event [yyyy/mm/ wavelength  period corr. AE, corr. AE, corr. AN, Kp amplitude
no. dd] Station MLT (km) (min) & AT & AT & AT index [%]
No.1 2019/01/01 ATH 16.9-18.1 100 60 0.071 0.146 0.096 1 20.22
No.2 2020/02/25 ATH 18.1-19.9 160 40 0.570 0.726 0.426 0+ 18.28
No.3 2020/11/26 ATH 3.1-5.1 140 60 0.186 0.247 0.558 1 9.48
No.4 2018/11/03 GAK 19.2-21.2 170 60 0.564 0.616 0.563 0+ 21.77
No.5 2018/07/07 KAP 0.0-1.5 400 40 Nodata  No data 0.448 2 24.17
No.6 2018/08/10 KAP 21.5-22.4 160 60 0.519 0.509 0.556 1+ 33.12
No.7 2019/01/11 KAP  20.2-22.8 250 30 0.173 0.172 0.096 2 26.78
No.8 2019/01/26 KAP  19.8-23.3 180 60 0.186 0.017 0.092 2 17.90

lation coefficients between azimuth and radial components of the electric field variations (A Ey, A E,) and airglow
deviation at the footprint of Arase (AI), absolute values of correlation coefficients between electron density
fluctuations (ANe) and A, the Kp index (Matzka et al., 2021), and the maximum peak-to-peak amplitude of
the MSTIDs. The stations are written in abbreviated form: ATH is Athabasca, GAK is Gakona, and KAP is
Kapuskasing. The Kp index was used to indicate the disturbance level of background plasma convection and
density variation in the magnetosphere. The absolute values of correlation coefficient are calculated for the time
interval when the footprint of Arase passes through the phase fronts of the MSTIDs (time interval from leftmost
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Figure 9. (a) Dependence of absolute values of correlation coefficients
between AE and AT (red dots) and between ANe and A (blue dots) on the Kp
index, (b) dependence of the correlation coefficients on the amplitude of the
MSTIDs. For the absolute values of the correlation coefficients between A E
and A1, only the larger correlation values between A E, and AT and between
AE, and AT are used.

to rightmost dashed lines in Figures 7 and 8). All the events have more than
30 data points for the correlation analysis. The amplitude of the MTSIDs is
also calculated by the maximum peak-to-peak amplitudes when the footprint
of Arase passes through the phase fronts of the MSTIDs. In this table, we can
see that the correlation coefficient between (AE,, AE,) and AI, and between
ANeand AT varies in the a range from 0.017 to 0.726.

Figure 9a is a scatter plot of these absolute values of the correlation coeffi-
cients between AE and AT (red dots) and between ANe and A (blue dots)
as a function of the Kp index. Figure 9b is a similar plot of the correlation
coefficients as a function of MSTID amplitudes. For the correlation coeffi-
cients of electric fields, larger correlation values between AE, and Al and
between AE, and AT are used, because it is difficult to identify direction of
MSTID phase surface relative to the azimuth and radial components in FA
coordinates at the Arase location.

In Figure 9a, when the Kp index is small, the absolute values of the correlation
coefficients tend to be high for both between AE and AI (correlation coeffi-
cient: —0.754) and between ANe and AT (correlation coefficient: —0.465),
though the numbers of data points are only 7-8. In other words, when the Kp
index is small, the electric field and density structures of MSTIDs tend to be
observed in the magnetosphere. There are a few events where the correlation
between AE and AT and between ANe and AT is high even if the Kp index
is large (e.g., event No. 6).

The 3-hr Kp index indicates the disturbance level of background plasma
convection and density variation in the magnetosphere. The Kp index has
been also used to parameterize magnetospheric electric field geometry and
strength in the equatorial plane (e.g., McIlwain, 1986; Thomsen, 2004). With
increasing the Kp value, plasma and electromagnetic disturbances origi-
nating from the magnetosphere would occur, such as those associated with
plasma injection during substorms. These disturbances originating from the
magnetosphere occur independently from the MSTIDs in the ionosphere, and
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Table 3 z
Event List When MSTIDs Are Classified as I-Type and G-Type 5
Event Date [yyyy/ Abs. corr. Abs. corr. Major propagation Phase MSTID
no. mm/dd] Station MLT AE & AT AN, & AT direction front type
No. 1 2019/01/01 ATH 16.9-18.1 0.146 0.096 w N-S I-type
No. 2 2020/02/25 ATH 18.1-19.9 0.726 0.426 w N-S I-type
No. 3 2020/11/26 ATH 3.1-5.1 0.247 0.558 E N-S I-type
No. 4 2018/11/03 GAK  19.2-21.2 0.616 0.563 W NW-SE  I-type
No. 5 2018/07/07 KAP 0.0-1.5 No data 0.448 NE & W NW-SE  G-type
No. 6 2018/08/10 KAP 21.5-224 0.519 0.556 NE & W NW-SE  G-type
No. 7 2019/01/11 KAP  20.2-22.8 0.173 0.096 W NW-SE  I-type
No. 8 2019/01/26 KAP  19.8-23.3 0.186 0.092 W NW-SE  I-type

will cause the decrease of the correlation between the airglow variation in the ionosphere and electric field and
density variations in the magnetosphere.

In Figure 9b, when the amplitude of MSTIDs is large, the absolute values of the correlation coefficients between
AE and AT tend to be high (correlation coefficient: 0.191). On the other hand, the absolute values of the corre-
lation coefficients between ANe and AT tend to be independent of the amplitude of the MSTIDs (correlation
coefficient: —0.011), though the numbers of data points are only 7-8. The amplitude of MSTIDs depends not only
the polarization electric field amplitude but also the vertical gradient of plasma density in the bottomside F-layer,
because the 630-nm airglow is caused by interaction of F-layer O* ions with the neutral O, atmosphere. This
effect may contribute to reducing the correlation between the MSTID amplitudes and magnetospheric signatures.

Next, we discuss the characteristics of the MSTIDs. We can classify the MSTIDs observed in this study into two
types: I-type and G-type. The I-type MSTIDs, which seem to be caused by the ionospheric plasma instabilities
such as Perkins and E-F coupling instabilities, have the following characteristics in airglow images: (a) showing
sudden change of propagation direction possibly associated with auroral and geomagnetic field variations (e.g.,
Shiokawa et al., 2012; Yadav et al., 2020), and sometimes (b) showing ripple-like secondary-instability structures
at the light-dark boundary of the MSTIDs (e.g., Makela et al., 2006; Rohrbaugh et al., 1989; Shiokawa et al., 2012;
Tsunoda, 1983). The G-type MSTIDs, which seem to be caused by gravity waves in the thermosphere, have the
following characteristics in airglow images: (a) invading continuously into the aurora seen in the northern part of
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the airglow images, (b) having more sinusoidal phase structures, and (c) propagating uni-directionally, and not
showing temporal change of the propagation direction. The former-type (I-type) MSTIDs have been reported by
Shiokawa et al. (2012) and Yadav et al. (2020). The latter-type (G-type) MSTIDs have been reported by Shiokawa
et al. (2013), particularly at summertime in Athabasca in their analysis.

Table 3 summarizes the MSTIDs observed in this study into two types (I-type and G-type). The columns repre-
sent, from left to right, event number, observation date, station, observation time in MLT, absolute value of
correlation coefficients between AE and A, absolute values of correlation coefficients between ANe and Al,
propagation direction of the MSTIDs, phase front of the MSTIDs, and the type of the MSTIDs. The absolute value
of correlation coefficients between A E and AT shows only larger values in the azimuth or radial components.

Two of the eight events were classified as the G-type MSTIDs and the others were classified as the I-type
MSTIDs. The G-type MSTIDs were observed at Kapuskasing in summer, showing propagation in two directions
per each event, northeastward (NE) and westward (W). The I-type MSTIDs, except for Event 3, propagate mainly
westward with a north-south (N-S) or northwest-southeast (NW-SE) phase front. Only the MSTIDs of Event 3
propagates eastward. The I-type MSTIDs are mostly observed on the dusk side, but only the MSTID of Event
3 is observed on the dawn side. This local time-propagation direction tendency is consistent with the direction
of typical plasma convection patterns at subauroral latitudes (e.g., Heppner & Maynard, 1987; Weimer, 2005),
suggesting that these I-type MSTID propagation is controlled by the background plasma convection. In that case
the propagation direction may not be perpendicular to the phase front of the MSTIDs, as shown in Table 3.

The absolute values of correlation coefficients tend to be independent of these MSTID types. Several events
have high correlation for both I-type and G-type of the MSTIDs. The I-type MSTIDs are considered as those
caused by the Perkins and E-F coupling ionospheric instabilities (e.g., Perkin, 1973; Yokoyama et al., 2009), and
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thus, variations in the electric field and plasma density should be caused by the instability. As for the G-type
MSTIDs, when the neutral winds due to gravity waves have a component perpendicular to the geomagnetic field
lines, polarization electric field could be generated by the neutral wind through the F region dynamo (e.g., Chou
et al., 2018, 2022; Liu & Vadas, 2013). Because gravity waves are an oscillation of the neutral winds, oscillating
polarization electric fields could be generated. If the amplitude of gravity waves in neutral wind U is 10 m/s
under the background magnetic field intensity B of 50,000 nT, it can cause maximum electric field E of 5 mV/m
through the F-region dynamo. The electric fields associated with gravity waves in the thermosphere have been
observed by incoherent scatter radars (e.g., Varney et al., 2009; Zhang et al., 2021).

5. Conclusions

of MSTIDs
magnetosphere-ionosphere coupling during appearance of nighttime MSTIDs using airglow imagers installed at

Based on multi-point ground-satellite observations over 4 years, we investigated the
Athabasca, Gakona, and Kapuskasing at subauroral latitudes and the Arase satellite near the equatorial plane of

the magnetosphere. We found eight simultaneous observations of MSTIDs. The results are summarized as follows.

1. Electric field variations and electron density fluctuations associated with the MSTIDs are not always observed
in the magnetosphere.

2. When the Kp index is small or the MSTID amplitude is large, the absolute values of correlation coefficients
tend to be high between Arase electric field variations and MSTIDs. These facts indicate that the electric field
associated with MSTIDs tends to be mapped to the magnetosphere during magnetically quiet time and for
larger MSTID amplitudes.

3. Arase observed the electric field variations and the electron density fluctuations associated with both I-type
MSTIDs (possibly caused by ionospheric instabilities) and G-type MSTIDs (possibly caused by gravity
waves).

These results indicate that magnetosphere-ionosphere coupling occurs associated with MSTIDs at subauroral
latitudes and the coupling is affected by background conditions in the magnetosphere. The coupling of MSTIDs
with the magnetosphere and the conjugate ionosphere in the other hemisphere will affect the growth and decay of
MSTIDs (e.g., Narayanan et al., 2018). The coupling will also affect radio wave propagation from the magneto-
sphere to the ionosphere by providing small-scale density structures in the magnetosphere.

Data Availability Statement

The Kp index was provided by the GeoForschungsZentrum (GFZ) Potsdam, Germany through https://www.
gfz-potsdam.de/en/kp-index/. The scientific data of the ERG (Arase) satellite were obtained from the ERG
Science Center operated by the Institute of Space and Astronautical Science (ISAS), Japan Aerospace Exploration
Agency (JAXA) and ISEE, Nagoya University (https:/ergsc.isee.nagoya-u.ac.jp/index.shtml.en; Miyoshi, Hori,
et al., 2018). The present study analyzed PWE/HFA (level 2, version 1.02; Kasahara, Kumamoto, et al., 2018),
and MGF (level 2, version 3.04; Matsuoka et al., 2018a, 2018b), PWE/EFD (level 2, version 5.01; Kasahara,
Kasaba, Matsuda, et al., 2018). The airglow images obtained by all-sky cameras at subauroral stations are avail-
able from the ISEE through the ERG Science Center.
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