
1.  Introduction
Traveling ionospheric disturbances (TIDs) are wave-like variations of plasma density propagating in the F 
region of the ionosphere. TIDs are classified by their velocity, wavelength, and period. Medium-scale trave-
ling ionospheric disturbances (MSTIDs) have phase velocities, wavelengths, and periods of ∼100–250 m/s, 
several hundred kilometers, and ∼15–60 min (Hunsuker, 1982). Since an MSTID is a fluctuation of plasma 

Abstract  Medium-scale traveling ionospheric disturbances (MSTIDs) are a phenomenon widely 
and frequently observed over the ionosphere from high to low latitudes. Night time MSTIDs are caused 
generally by the polarization electric field in the ionosphere. However, propagation of this polarization 
electric field to the magnetosphere has not yet been identified. Here, we report the first observation of the 
polarization electric field and associated density variations of a night time MSTID in the magnetosphere. 
The MSTID event was observed by an all-sky airglow imager at Gakona (geographical latitude: 62.39°N, 
geographical longitude: 214.78°E, magnetic latitude: 63.20°N), Alaska. The Arase satellite passed over 
the MSTID in the inner magnetosphere at 0530–0800 UT (2030–2300 LT) on November 3, 2018. This 
MSTID, observed in 630 nm airglow images, was propagating westward with a horizontal wavelength of 
∼165 km, a north–south phase front, and a phase velocity of ∼80 m/s. The Arase satellite footprint on 
the ionosphere crossed the MSTID in the direction nearly perpendicular to the MSTID phase fronts. The 
electric field and electron density observed by the Arase satellite showed periodic variation associated 
with the MSTID structure with amplitudes of ∼2 mV/m and ∼150 cm−3, respectively. The electric field 
variations projected to the ionosphere are mainly in the east-west direction and are consistent with the 
direction of the polarization electric field expected from MSTID growth by E × B drift. This observation 
indicates that the polarization electric field associated with the MSTID in the ionosphere is projected onto 
the magnetosphere, causing plasma density fluctuations in the magnetosphere.

Plain Language Summary  Medium-scale traveling ionospheric disturbances (MSTIDs) 
are propagation of electron density fluctuation in the ionospheric F-layer. MSTIDs are a common 
phenomenon from high to low latitudes. From simultaneous observations of airglow imagers in both 
hemispheres, MSTIDs are known to have a mirror structure at magnetic conjugate hemispheres. If an 
MSTID is generated by ionospheric instabilities, the polarization electric field associated with the MSTID 
should propagate along the magnetic field lines. In this paper, we report the first simultaneous observation 
of an MSTID using a ground-based airglow imager and the Arase satellite in the magnetosphere. The 
electric field variations and plasma density fluctuations observed by Arase showed periodic variations 
associated with the MSTID structure. This result indicates that the spatial inhomogeneity of the 
ionospheric Pedersen conductivity associated with the MSTID yields the polarization electric field in the 
ionosphere, and that this polarization electric field was projected onto the magnetosphere.
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density in the ionosphere, it can be observed as variations in airglow emission intensity at a wavelength of 
630.0 nm, which is excited by interaction of atomic oxygen ions and oxygen molecules in the F-region ion-
osphere with an emission altitude of 200–300 km.

There are two theories regarding the generation mechanisms of MSTIDs. One is that disturbance in the 
lower atmosphere propagates upward as atmospheric gravity waves and causes plasma fluctuation in the 
ionosphere (e.g., Hines,  1960; Hooke,  1968). The other is that they are generated by ionospheric E-re-
gion–F-region (E–F) coupling instability with Perkins instability caused by the unstable state of plasma 
in the E- and F-region ionosphere (e.g., Cosgrove & Tsunoda, 2001; Perkins, 1973). At mid-latitudes in the 
northern (southern) hemisphere, night time MSTIDs have a northwest–southeast (northeast–southwest) 
phase front, and propagate southwestward (northwestward) (e.g., Figueiredo et al., 2018; Garcia et al., 2000; 
Martinis et al., 2010; Otsuka et al., 2013; Shiokawa, Ihara, et al., 2003). This feature of the phase front can 
be explained by the fact that MSTIDs are generated by the E–F coupling and Perkins instabilities, where the 
sporadic-E (Es) layer combines with the F layer and causes dramatic growth of MSTIDs. The characteristic 
of southwestward (northwestward) propagation in the northern (southern) hemisphere (Fukao et al., 1991; 
Shiokawa, Otsuka, et al., 2003) can be explained by the southward (northward) wind is induced in the Es 
layer (Yokoyama et al., 2009).

The polarization electric field associated with this type of MSTID is expected to propagate along magnetic 
field lines from one hemisphere to the other due to the high electrical conductivity in the direction along the 
magnetic field lines. The interhemispheric propagation has been confirmed by simultaneous observations 
of the ground airglow imagers in both hemispheres where the MSTIDs in the middle latitude have a mirror 
image structure at the magnetic conjugate point (e.g., Martinis et al., 2017; Otsuka et al., 2004; Shiokawa 
et  al.,  2005). Therefore, if an MSTID is generated by ionospheric plasma instabilities and grows with a 
polarization electric field structure, this polarization electric field possibly propagates along the magnetic 
field line, and even satellites in the inner magnetosphere should be able to observe electric field variations. 
However, no simultaneous observations of MSTIDs by satellites in the inner magnetosphere have yet been 
reported. Such simultaneous measurements in the inner magnetosphere will provide information on how 
the signatures of MSTIDs propagate along magnetic field line and how the MSTIDs cause disturbances in 
the magnetospheric plasma.

In this paper, we report the first observation of polarization electric field and electron density fluctuations 
in the magnetosphere associated with an MSTID event observed through 630.0 nm night time airglow im-
ages acquired on the ground and the Arase satellite (Miyoshi, Shinohara, Takashima, et al., 2018) passing 
through the magnetosphere. This observation shows that ionospheric plasma disturbances can generate 
plasma structures in the magnetosphere through the polarization electric field, and vice versa.

2.  Airglow Observations
The all-sky airglow imager at Gakona (geographical latitude: 62.39°N, geographical longitude: 214.78°E, 
magnetic latitude: 63.20°N) is one of the Optical Mesosphere Thermosphere Imagers (OMTIs) (Shiokawa 
et al., 1999). It has a fisheye lens with a 180° field-of-view, five band-pass filters of different wavelengths, 
and a 1024 × 1024-pixel back-illuminated cooled-CCD camera. To increase the output count, raw counts are 
summed for 2 × 2 bins to give images of 512 × 512 pixels. The band-pass filters for wavelengths of 557.7, 
630.0, and 572.5 nm have transmission band-widths of 1.781, 1.685, and 1.492 nm, respectively. Every 90 s, 
557.7 and 630.0 nm airglow images were taken with exposure times of 15 and 30 s, respectively. This study 
used images obtained through these three band-pass filters. Shiokawa et al. (1999, 2017) described details 
of the all-sky airglow imager system.

Figure 1 shows an MSTID observed in the 630.0 nm airglow images acquired at Gakona on November 3, 
2018. These images are mapped from all-sky (fish-eye) images into geographical coordinates with assuming 
an altitude of 250 km. The lens distortion of all-sky images is corrected when they are converted the images 
into geographical coordinates. The absolute intensity in Rayleigh units shown in Figure 1 was obtained by 
subtracting background sky emissions measured using the 572.5 nm filter, considering the difference in 
transmission widths of the 630.0 and 572.5 nm filters. Figure 1 shows nine images taken every 20 min from 
0520:22 UT to 0800:22 UT. The red dashed lines and yellow dots represent the trajectory and instantaneous 
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positions of the Arase satellite footprint, respectively, mapped to an altitude of 250 km in the ionosphere us-
ing the Tsyganenko–Sitnov 2005 (TS05) magnetic field model (Tsyganenko & Sitnov, 2005). If the assumed 
altitude is shifted by 50 km, the Arase satellite footprint shifts by ∼13 km in the meridional direction be-
cause the inclination of the magnetic field at Gakona is 75.8°. The double elliptic circles seen near the image 
centers are artificial effects of the integrating sphere used for imager calibration.

In Figure 1, the aurora at the equatorward part of the auroral oval was continuously seen in the northeast 
part of these images. The MSTID is difficult to be recognized but is seen equatorward the auroral oval main-
ly in the western half of these images. The next figure shows the MSTID structure more clearly.

Figure 2 shows 630.0 nm images obtained by subtracting 1 h running averages of emission intensity from 
raw images to clearly show the MSTID structure. The image acquisition times are the same as in Figure 1. 
The color scale represents airglow deviation ΔI(t), defined as ΔI(t) = [{I(t) − Ia(t)}/Ia(t)] × 100 for each 
image pixel, where  E I t  is the airglow intensity at time t, and Ia(t) is the average airglow intensity over 
t ± 30 min. In Figure 2, the ionospheric footprint trajectory and the Arase satellite positions are overlaid by 

Figure 1.  Airglow images at a 630.0 nm wavelength acquired from 0520:22 UT-0800:22 UT on November 3, 2018 at Gakona in geographical coordinates, 
assuming a 630.0 nm airglow emission altitude of 250 km. Red dashed lines and yellow dots indicate the satellite’s orbit and the Arase satellite position, 
respectively, projected onto the ionosphere.
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black dashed curves and cyan dots, respectively. These images are shown in latitude-longitude axes. Thus 
we should note that the true east-west distance at the high latitude boundary (72.39°N) of these images is 
about half of that of the low latitude boundary (52.39°N). Therefore, if the phase front propagates at the 
same direction and velocity in the real world, the high latitude portion moves zonally faster than that of 
low latitude in Figure 2. This could lead to an apparent rotation of N-S front of the MSTID at the center to 
NW-SE as it travels westward.

Figures 2b–2g, clearly show that the north–south wave structure of the MSTID at 59–65°N and 205–220°E 
propagates westward. The MSTID phase front gradually rotates from the north–south to the northwest–
southeast orientation. The Arase satellite footprints crossed the phase fronts nearly perpendicularly at 
0600–0700 UT and afterward moved westward along the phase fronts of the MSTID. After ∼0740 UT, the 
MSTID was not visible owing to clouds over Gakona.

Figure 3 shows east-west cross sections (keograms) of the 630.0 nm and 557.7 nm airglow intensities and 
their deviations as defined in the previous figure to clarify wave characteristics of the MSTID. Figures 3a–3d 
show east-west keograms taken at 62.40°N (Gakona latitude) for (a) 630.0 nm airglow intensity, (b) 630.0 nm 

Figure 2.  630.0 nm airglow deviation images obtained by subtracting 1 h running averages. These images are shown in geographical coordinates. Black dashed 
lines and cyan dots indicate the orbit and position of the Arase satellite, respectively, projected onto the ionosphere.
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airglow deviations, (c) 557.7 nm airglow intensity, and (d) 557.7 nm airglow deviations. The 630.0 nm and 
557.7 nm images were mapped to geographic coordinates assuming airglow altitudes of 250 and 100 km, 
respectively. In Figure 3, the vertical axis represents geographical longitude, and the horizontal axis repre-
sents time in UT.

Figures 3a and 3b clearly show westward MSTID propagation at ∼208–218°E from 0530–0745 UT. From Fig-
ure 3b, we estimate an MSTID wavelength of ∼165 km and a period of ∼1 h, and calculated the phase veloci-
ty of ∼80 m/s, all these are estimated for zonal direction considering that the MSTID phase front is basically 
north-south. These values roughly match the characteristic MSTID parameters shown by Hunsuker (1982).

Figure 3.  East-west cross sections (keograms) of airglow images at the Gakona latitude (62.40°N) in geographical 
coordinates, observed on November 3, 2018 at Gakona. These keograms represent (a) 630.0 nm airglow intensity, 
(b) 630.0 nm airglow deviations from 1 h running averages, (c) 557.7 nm airglow intensity, and (d) 557.7 nm airglow 
deviations from 1 h running averages. The vertical axis shows geographical east longitude, and the horizontal axis 
shows UT.
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The structures in the 557.7 nm east-west keograms in Figures 3c and 3d 
move both eastward and westward at ∼210–220°E from ∼0330 to 0800 
UT. We consider these structures as atmospheric gravity waves propagat-
ing at the 557.7 nm airglow altitude of 90–100 km. The 630.0 nm and 
557.7 nm airglow images are completely different in terms of the wave 
surface direction. This fact provides a further support for our interpre-
tation that the structure in the 630.0 nm images is an MSTID in the ion-
osphere, not an aurora caused by electron precipitation or a cloud pass-
ing over the camera. It also provides our interpretation that the gravity 
waves seen in 577.7 nm images were not the seed of the MSTIDs seen in 
630.0 nm images.

3.  Satellite Observations
Figure 4 shows the Arase satellite orbit (Miyoshi, Shinohara, & Jun, 2018) 
on November 3, 2018 on (a) the x–y plane and (b) x–z plane in the solar 
magnetic (SM) coordinates system. The dashed curves show the Arase 
satellite orbit from 0000 to 2400 UT on November 3, 2018, and the red sol-
id curves show that from 0554:36 to 0912:36 UT, when the Arase satellite 
was in the field of view of the airglow imager at Gakona (52.39–72.39°N, 
204.78–224.78°E). The Arase satellite passed over at a radial distance of 
∼3–5 RE in the late evening sector at 0600–0700 UT when the satellite 
footprint crossed the MSTID in the airglow images. Arase satellite data 
shown in this paper were analyzed using the Space Physics Environment 
Data Analysis Software (SPEDAS) tool (Angelopoulos et al., 2019).

Figure 5 shows (a) electric field spectra obtained by the High Frequency 
Analyzer (HFA) of the Plasma Wave Experiment (PWE) (Kasahara, Ku-
mamoto, et al., 2018), (b) electric field spectra obtained by the Onboard 
Frequency Analyzer (OFA) of the PWE (Kasahara, Kojima, et al., 2018) 
(c) electron density, (d) electron number flux of MEP-e (Kasahara, Yoko-
ta, et al., 2018), (e) electron number flux of LEP-e (Wang et al., 2018), (f) 
proton differential number flux of MEP-i (Yokota et al., 2018), (g) proton 
differential number flux of LEP-i (Asamura et  al.,  2018), (h) magnetic 
field in SM coordinates measured by the MGF instrument (Matsuoka 
et al., 2018a, 2018b), and (i) electric field in SM coordinates measured by 
the u-sensor of EFD (Kasahara, Kasaba, et al., 2018), all onboard Arase. 
The electron density of Figure  5c was calculated from the upper-limit 
frequency of upper hybrid resonance (UHR) waves appearing in the spec-
tra of Figure 5a. The magnetic field magnitude of MGF level-2 data was 
used to calculate the local electron gyro-frequency. The labels below the 
horizontal axis indicate the McIlwain L value derived from the IGRF-13 

model (Bӓrenzung et al., 2020), magnetic local time, magnetic latitude (MLAT), radial distance from Earth 
(RE), and time (UT). The black vertical dashed lines indicate the time period during which the satellite was 
in the field-of-view of the airglow imager (0554:36–0912:36 UT).

Figure 5c shows no rapid density decrease (plasmapause), usually occurring around L = 4, making it un-
clear whether the Arase satellite stayed inside or outside the plasmasphere when the satellite crossed the 
MSTID. However, the Arase satellite might stay in the plasmasphere, because plasmaspheric hiss was ob-
served at ∼0400–0700 UT below 1 kHz in Figure 5b, and lightning whistler waves were observed at, for 
example, 0605, 0615, and 0630 UT at ∼10 kHz (identified in an unshown expanded version of Figure 5a). 
During 0400–0600 UT, the magnetic field and electric field in Figures 5h and 5i were very large, because the 
satellite was near perigee. The electron spectra in Figures 5d and 5e show that the satellite might be travers-
ing the ring current region near the inner boundary of a plasma sheet, as three energy-time dispersion 

Figure 4.  Arase satellite orbit (level 2/version 03) from 0000 to 2400 
UT on November 3, 2018 for the (a) x–y plane and (b) x–z plane in solar 
magnetic (SM) coordinates. The red solid line shows times at which the 
Arase satellite footprint was in the field-of-view of the airglow imager at 
Gakona.
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Figure 5.  Data obtained by the Arase satellite on November 3, 2018. (a) Wave spectra (level 2/version 1.02) obtained from the Plasma Wave Experiment (PWE)/
High Frequency Analyzer (HFA); (b) electric field spectra (level 2/version 2.01) obtained from the PWE/Onboard Frequency Analyzer (OFA); (c) electron 
density; (d) electron number flux obtained by MEP-e (level 2/version 1.02); (e) electron number flux obtained by LEP-e (level 2/version 2.02); (f) proton 
differential number flux obtained by MEP-i (level 2/version 2.00); (g) proton differential number flux obtained by LEP-i (level 2/version 3.00); (h) magnetic field 
(level 2/version 3.04) in solar magnetic (SM) coordinates; and (i) electric field measured by the u-sensor of EFD in SM coordinates (level 2/version 4.01). Black 
vertical dashed lines indicate the time interval during which the satellite was in the field-of-view of airglow imager.
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structures (e.g., Ejiri et al., 1980; Smith & Hoffman, 1974) are seen at 0600–0900 UT. Similar structures are 
seen in the ion spectra in Figures 5f and 5g at 0600–0800 UT.

4.  Comparison of Ground and Satellite Observations
In this section, we try to identify MSTID-related variations in electron densities, magnetic fields, and elec-
tric fields observed by the Arase satellite. Figure 6 shows (a) wave spectra, (b) electron density (Ne), (c) 
electric fields in SM coordinates, (d) electron density variations, (e) electric field variations (δE) in SM coor-
dinates, and (f) 630.0-nm airglow deviations at the Arase satellite footprint. Variations in Figures 6d and 6e 
were calculated by subtracting 20 min running averages. Since the time interval that the Arase satellite pass 
through the peak-to-peak of the airglow intensity of the MSTID is 10–20 min, we apply the 20-min running 
average so that the waves in Figures 6d and 6e with periods of less than 20 min only can pass. The airglow 
deviations in Figure 6f were calculated by subtracting 1-h running averages in the airglow images. The hori-
zontal axis is 0600–0700 UT, when the Arase satellite crossed the MSTID phase front. The angle between 
the satellite’s spin plane and the local magnetic field varied from ∼10° at 0600 UT to ∼40° at 0700 UT. The 
vertical red and blue dashed lines show the time period during which the Arase satellite footprint passed 
through the bright and dark parts of the MSTID, respectively.

In Figure 6b, the electron density gradually decreases with time, because the satellite is moving from the 
evening to the night side away from Earth. The accuracy of manual determination of the UHR frequency is 
within 3 kHz and the resultant accuracy of Ne is within 12/cc. The electron densities in Figures 6b and 6d 
show variations with time scales of several minutes. These variations can be also recognized in the original 
UHR frequencies in Figure 6a. These density variations are not by the error of manual reading but real vari-
ations of the background density. The electron density variations in Figure 6d and the airglow deviations in 
Figure 6f clearly show an anticorrelation at ∼0610–0630 UT. After 0630 UT, the phase difference between 
them slightly deviates from the anticorrelation. We estimated their correlation coefficient as −0.508. The 
x- and y-component of the electric field variations in Figure 6e show a positive correlation with the airglow 
deviations, while the z-component shows a negative correlation. We calculate absolute values of electric 
field variations, and compare with airglow deviations, however, we do not see any clear correlations be-
tween them.

To confirm the reliability of electric field measurement, we also show the electric field vector in Despun 
Sun-sensor Inertia (DSI) coordinates, which is a satellite-based coordinate system. DSI-Z axis lies in the 
spin axis direction which is basically toward the sun. DSI-X points the sun sector direction in the spin 
plane perpendicular to the Z axis, which is detected by an onboard sun sensor for every spin. Then DSI-Y 
is defined as the cross product of the X- and Z-axes. Figure 7 shows (a) the electric field, (b) the residual 
magnetic field obtained by subtracting the IGRF model magnetic field from the observed magnetic field, (c) 
electric field variations (δE), (d) magnetic field variations (δB), and (e) the Poynting vector calculated from 
δE and δB. Figures 7a–7d are illustrated in DSI coordinates, and Figure 7e is illustrated in the field-aligned 
(FA) coordinate. FA-z is parallel to the direction of the background magnetic field (northward is positive), 
FA-y is in the plane perpendicular to FA-z and the vector of SM-x, and FA-x is the cross component of FA-y 
and FA-z. Figure 7b shows the residual magnetic field calculated by subtracting the IGRF model magnetic 
field. To eliminate the short-period oscillation (period: ∼1 min) seen in the electric field data in Figure 7a, 
we calculated 5 min running averages. Then 20 min running averages were further removed from the 5 min 
averages to show only electric field variations associated with the MSTID structure in Figure 7c. We per-
formed the same filtering for the magnetic field data in Figure 7d. Again, the vertical red and blue dashed 
lines show the timings at which the Arase satellite footprint passed through the bright and dark MSTID 
parts, respectively.

The electric field variations of both DSI-x and DSI-y components in Figure 7c have peak-to-peak amplitudes 
of ∼0.4 mV/m, which is about half of those seen in Figure 6e in SM coordinates, indicating that the electric 
field measurements are dominantly on the spin plane and reliable. These electric field variations in Fig-
ure 7c and the airglow deviations show anti-correlations. In contrast, from Figure 7d, the DSI-x component 
and the DSI-y and DSI-z components of magnetic field variations are positively and negatively correlated 
with the airglow deviations, respectively. As a result, the field-aligned component (FA-z) of the Poynting 
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Figure 6.  Airglow deviations at the Arase satellite footprint observed at Gakona, and the Arase satellite data observed 
at 0600–0700 UT on November 3, 2018 for (a) wave spectra, (b) electron density, (c) electric field measured by the 
u-sensor, (d) electron density variations, (f) electric field variations (δE), and (f) 630 nm airglow deviations at the Arase 
satellite. Variations in Figures 6d and 6e are calculated by subtracting 20 min running averages. Airglow deviations 
in Figure 6f were calculated by subtracting 1 h running averages. Vertical red and blue dashed lines show when the 
Arase satellite footprint passed through bright and dark parts of the medium-scale traveling ionospheric disturbance 
(MSTID), respectively.
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vector in Figure 7e is mostly negative, meaning wave energy flows from the northern to the southern hem-
isphere. This Poynting vector was calculated assuming that the MSTID energy flows along the geomagnetic 
field lines as temporal variations of Alfven waves. The maximum value of the field-aligned Poynting vector 
was 0.11 μW/m2 to the southern hemisphere. This may indicate that the observed MSTIDs were generated 
in the northern hemisphere through ionospheric instabilities, and the resultant polarization electric field 
was mapped to the southern hemisphere through the magnetic field line. However, note that the value of 
the field-aligned Poynting vector (FA-z) is comparable to those of the other two components (FA-x and FA-
y), indicating that energy is not always propagating along the magnetic field line.

Next, we project electric field variations the Arase satellite observed in the inner magnetosphere onto the 
airglow images in the ionosphere. Assuming equipotential magnetic field lines, this is calculated as

Figure 7.  (a) Electric field measured by the u-sensor of EFD, (b) residual magnetic field obtained by subtracting 
the IGRF model magnetic field from the observed magnetic field, (c) electric field variations (δE), (d) magnetic field 
variations (δB), (e) Poynting vector calculated from δE and δB, observed by the Arase satellite from 0600–0700 UT on 
November 3, 2018. We calculated 5 min running averages, then 20 min running averages were further removed in 
Figures 7d and 7e. Vertical red and blue dashed lines show when the Arase satellite footprint passed through the bright 
and dark parts of the medium-scale traveling ionospheric disturbance, respectively.
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where δEm(t) and δEi(t) are the electric field variation in the inner magnetosphere and in the ionosphere, 
respectively, at time t, and rm and ri are the distance between the two magnetic field lines in the inner 
magnetosphere and in the ionosphere, respectively. Figure 8 is a schematic illustration showing the tracing 
procedure of electric field variation vectors from the inner magnetosphere to the ionosphere. The green and 
blue planes indicate the inner magnetosphere and the ionosphere, respectively, which are perpendicular to 
the ambient magnetic field. The black and gray dashed lines indicate the magnetic field lines. The yellow 
star indicates the footprint of the Arase satellite. The red dot Pm on the inner magnetosphere plane represent 
the position that is, 0.5 Re shifted from the Arase satellite position in the direction of the electric field vari-
ation vector. We mapped Pm to position Pi in the ionosphere by tracing the TS05 magnetic field. We defined 
the direction from the ionospheric footprint of Arase satellite to position Pi as the direction of the mapped 
electric field variation vector in the ionosphere, as shown by the blue arrow on the ionospheric plane.

In Figure 9, electric field variations at the ionospheric height as calculated by the above procedure are su-
perimposed on images of the airglow deviations observed at Gakona. The black lines indicate electric field 
variation vectors projected onto the ionosphere from the electric field variations measured by the Arase. 
They are shown on the Arase satellite footprint trajectory. The yellow star is the Arase satellite footprint at 
each time frame. Please bear in mind that we can compare images of airglow deviations and electric field 
variations only around yellow star positions, because both the Arase and the MSTID are moving in time and 
space. Uncertainty of the Arase satellite footprint (∼13 km if the altitude is shifted by 50 km) is approxi-
mately one order smaller than the horizontal wavelength of the MSTID (∼165 km).

The resultant direction of the mapped electric field variation vectors points northwestward at the high 
airglow intensity region, while it points southeastward at the low airglow intensity region. In all three pan-
els in Figure 9, the directions of electric field variations reverse when the Arase satellite footprint enters 

Figure 8.  Schematic illustration of tracing procedure of electric field variation vectors from the magnetosphere to 
the ionosphere. The green and blue planes indicate the inner magnetosphere and the ionosphere. The black and gray 
dashed lines indicate the magnetic field lines. The yellow star indicates the footprint of the Arase satellite. The red dot 
on the inner magnetosphere plane (Pm) represent the position that is, 0.5 Re shifted from the Arase satellite position 
in the direction of the electric field variation vector. The green arrow shows the direction of the observed electric field 
variation vector. The red dot on the blue plane (Pi) represent the position where Pm is projected to at an altitude of 
250 km in the ionosphere using the Tsyganenko–Sitnov 2005 magnetic field model. The blue arrow shows the direction 
of the mapped electric field variation vector.

Satellite footprint

Arase satellite

ionosphere

magnetosphere
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the region of opposite polarity in the airglow deviation. These features clearly indicate that the electric 
field variations observed by Arase is closely associated with MSTID structures. Previous literatures have 
suggested that the polarization electric field plays an important role in MSTID formation and growth (e.g., 
Shiokawa, Otsuka, et al., 2003). In this paper, we have provided first-ever observational evidence for the 
existence of the polarization electric field induced by MSTIDs on the basis of the direct measurement in the 
magnetosphere.

5.  Discussion
The observed MSTID had a wavelength of ∼165 km, a velocity of ∼80 m/s, and a period of ∼1 h. Shiokawa 
et al. (2013) statistically showed that MSTIDs at high latitudes (Tromsø, Norway and Athabasca, Canada) 
have characteristics of around 150–200 km wavelengths, 50–80 m/s velocities, and 30–60 min periods. At 
Athabasca, MSTIDs often show a north–south phase front propagating westward, indicating that the MS-
TID observed in this study has characteristics typical of those seen at high latitudes. The present event was 
observed during magnetically quiet condition (Kp = 0+) with the solar wind velocities of ∼340–350 km and 
the northward interplanetary magnetic field of ∼0.3–3.5 nT.

Figure 10 shows the configuration of the observed MSTID. Figures 10a and 10b are enlarged images of 
Figures 9a and 9b, zooming in on the geographic latitudes (59.0–63.0°N) and longitudes (208.0–216.0°E). 
Figures 10c and 10d show two schematic images of the MSTID structure.

The 630.0 nm airglow emission is caused by collisions of atomic oxygen ions (O+) and oxygen molecules 
(O2). If the ionosphere is lowered by some force, ion-neutral collisions occur more frequently, increasing the 
airglow intensity, and the Pedersen conductivity. If there is an eastward Pedersen current in the ionosphere, 
positive/negative charges are expected to accumulate on the east/west side of the bright airglow bands of 
the MSTID, because of the localized enhancement of the Pedersen conductivity. As a result, a westward 
polarization electric field is generated in the bright bands of the MSTID. This westward polarization electric 
field pushes the ionosphere downward by the E × B drift to increase the Pedersen conductivity, providing 
an ionospheric Perkins instability configuration.

From the above discussion, the polarization electric field is generated in the ionosphere as illustrated with 
the blue arrows in the bottom panels of Figure 10. The directions of these arrows are consistent with the 
zonal components of observed electric field variations shown in the upper panels of Figure 10. Consist-
ency of the observed electric field variations and airglow variations holds not only in the two panels of 
Figures 10a and 10b, but also for other times during Arase crossing of the MSTID structure. We thus con-
clude that the polarization electric field associated with the MSTID in the ionosphere was projected to the 

Figure 9.  Comparison of airglow deviations and electric field variations in the ionosphere. Black lines are electric field variation vectors in the ionosphere, 
shown on the Arase satellite trajectory. The yellow star is the Arase satellite footprint at that time. The vertical and horizontal axis ranges are 57.76°–67.02° in 
latitudes and 204.78–224.78°E in longitudes, respectively, so that the actual north-south and east-west distances are nearly the same in these images, in order to 
avoid distortion of the wave front direction.
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magnetosphere and observed by the Arase satellite. This polarization electric field is probably caused by the 
spatial inhomogeneity of ionospheric Pedersen conductivity with the background eastward current in the 
ionosphere.

In Figure 10, we also observed rather significant meridional electric field. This may be caused by additional 
polarization electric field in the direction of MSTID phase front (north-south), as suggested by Kelley and 
Makela (2001), because the MSTID has a finite length in the meridional direction.

Figure 11a is a schematic illustration showing the electron density variation observed by the Arase satellite 
in the magnetosphere. The orange background indicates the ionosphere. The red pluses and blue minuses 
indicate positive and negative charges if the eastward Pedersen current flows in the F region ionosphere, 
respectively. The green B vector ( 


E B ), red v vector ( E v ), blue vector ( 


E E ), and purple vector (  

 
E E B ) indi-

cate the magnetic field, MSTID propagation, zonal components of the polarization electric field, and the 

Figure 10.  Panels (a) and (b) show the observed medium-scale traveling ionospheric disturbance (MSTID) phase front and directions of electric field variations 
in the ionosphere. Panels (c) and (d) are schematic images showing the generation mechanism of the polarization electric fields. Panels (c) and (d) are both 
shown in planes perpendicular to the magnetic field lines. In (c) and (d), the background orange square shows average Pedersen conductivity in the F-region 
ionosphere. Dark and light purple bands represent regions of low and high Pedersen conductivity, respectively (Σ: field-line integrated Pedersen conductivity). 
Red pluses and blue minuses indicate positive and negative charges, respectively. The green B vector ( 


E B ) and the red v vector ( 


E v ) indicate the direction of the 

magnetic field and the direction of MSTID propagation, respectively. The yellow star indicates the footprint position of the Arase satellite observing the electric 
field in the magnetosphere. Blue arrows indicate the direction of zonal components of the polarization electric field expected in this case.
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cross-component of 


E E and 


E B , respectively. This schematic shows the surface perpendicular to the magnetic 
field at the bottom side of the ionosphere and at the top side of the ionosphere at the Arase satellite. These 
bottom and top sides are connected by the same magnetic field lines. Figure 11b illustrates a side view of 
Figure 11a, looking westward from a position at east of the site.

At the bottom-side F-region ionosphere in Figure 11, an eastward and westward polarization electric fields 
are generated in the dark (low conductivity) and bright (high conductivity) airglow regions, respectively. 
This polarization electric field and magnetic field yield upward and downward component of  

 
E E B drift, 

developing conductivity variations. When the F-region ionosphere moves upward/downward, electron den-
sity in the bottom-side F region decreases/increases, and airglow intensity decreases/increases, respective-
ly. In the top-side ionosphere, including the magnetosphere, where the electron density decreases with 
increasing altitude,  

 
E E B drift variations cause a negative correlation between the variations of airglow 

intensity and electron density, as shown in Figure 11a. As shown in Figures 5c and 6b, the Arase satellite ob-
served the electron density decrease with increasing altitudes at L = 4–6, indicating that the density gradi-
ent is opposite to the bottom-side ionosphere. This scenario is consistent with observed negative correlation 
between airglow intensity and Arase electron density shown in Figures 6d and 6f, indicating that the polari-
zation electric field associated with the MSTID caused the electron density variations in the magnetosphere.

Although the present observation missed the generation interval, the MSTID was probably generated by 
the polarization electric field in the ionosphere, because the observed electric field projected onto the ion-
osphere is consistent to the conductivity variations estimated from airglow variations with an eastward 
ionospheric current, as discussed above. One may argue that the growth rate of Perkins instability is small 
at high latitudes due to high magnetic inclination. However, the difference of the maximum growth rate 
at Gakona (inclination: 75.8°) from middle latitudes (inclination: 45°) would be only a factor of 2–3. If the 
growth develops to non-linear situation, the difference becomes further smaller. Thus, we consider that the 
ionospheric instabilities similar to those at middle latitudes, that is, E–F coupling and Perkins instabilities, 
can occur under the high inclination at Gakona.

At Gakona, an ionosonde has been operated by the Air Force Research Laboratory and available through 
Global Ionosphere Radio Observatory (Reinisch & Galkin, 2011). During the present MSTID event at 0600–
0700 UT, the ionogram obtained at Gakona (not shown) did not show any appearance of the Es layer. This 
may contradict to the idea that the E-F coupling instability generates the observed MSTID. However, since 

Figure 11.  (a) A schematic illustration of the medium-scale traveling ionospheric disturbance (MSTID) growing process caused by the polarization electric 
field, as seen when one looks downward along the magnetic field to a plane perpendicular to the magnetic field, which is also illustrated in a horizontal view 
in Figure 11b. The x direction is eastward and z direction is upward and northward, both perpendicular to the magnetic field lines. Panel (a) illustrates both the 
bottom and top (near Arase) side of the ionosphere. The orange background indicates the ionosphere (conductive layer). Dark and light purple parts represent 
low and high Pedersen conductivities of MSTIDs due to upward and downward motion of the bottom side ionosphere, respectively, driven by  

 
E E B drift. Red 

pluses and blue minuses indicate positive and negative charges, respectively. The green B vector ( 


E B ), red v vector ( 


E v ), blue vector ( 


E E ), and purple vector  
(  

 
E E B ) indicate the magnetic field, the propagation direction of the MSTID, zonal components of the polarization electric field, and the cross-product of 


E E 

and 


E B , respectively.
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Es layer can occur at spatially small regions, there is a possibility that the ionosonde at Gakona missed the 
Es layer. Thus, we cannot completely deny the possibility of the E–F coupling instabilities for the present 
event.

It should be noted that we cannot also deny the possibility that the observed MSTID was caused not by 
ionospheric instabilities but by some magnetospheric processes. As shown in Figure 7e, the observed Poyn-
ting vector directed from the northern hemisphere to the southern hemisphere. The Arase satellite was in 
the southern hemisphere at −25 – −30 MLAT. This indicates that the electromagnetic energy came either 
from the ionosphere in the northern hemisphere or from the equatorial plane of the magnetosphere. In 
the latter case, the electric and magnetic field variations may be caused by some plasma instabilities in 
the magnetosphere, such as ballooning and/or interchange instabilities. Previous literatures suggested that 
these instabilities cause oscillating/wave-like auroral structures in the ionosphere (e.g., Motoba et al., 2012; 
Shiokawa et al., 2010, 2014). However, it is not likely that these instabilities occur during geomagnetically 
quiet conditions like in the present event. Because we did not observe the structures in the 557.7 nm images, 
as shown in Figures 3c and 3d, the present event is probably not the aurora caused by particle precipitation 
from the magnetosphere.

6.  Conclusions
In this study, we reported the first simultaneous ground–magnetospheric satellite observation of an MSTID 
occurring on November 3, 2018, using a ground-based airglow imager (630.0 nm) at Gakona in Alaska and 
the Arase satellite. The results of this study are summarized as follows:

1.	 �The MSTID had a north–south phase front and propagated westward with a horizontal wavelength of 
∼165 km, a phase velocity of ∼80 m/s, and a period of ∼1 h. These values are typical of high-latitude 
MSTIDs.

2.	 �The airglow intensity variations associated with the MSTID clearly correspond with the electric field 
variations and plasma density fluctuations observed by the Arase satellite. This indicates that the polar-
ization electric field in the ionosphere associated with MSTID generation was projected to the magne-
tosphere and caused the electron density variation. Spatial inhomogeneity of the ionospheric Pedersen 
conductivity associated with the MSTID probably yields the polarization electric field.

3.	 �We calculated the Poynting vector of the electric and magnetic field variations observed by the Arase 
satellite and associated with the MSTID. The field-aligned component of the Poynting vector was mostly 
negative, showing that wave energy flows from the northern to the southern hemisphere. The maximum 
value of the field-aligned Poynting vector was 0.11 μW/m2. Note that the field-aligned component of the 
Poynting vector was comparable to those of the other two perpendicular components, suggesting that 
energy does not always propagate along the magnetic field line.

Data Availability Statement
Data from the PWING ground-based instruments are available at these websites. Science data of the ERG 
(Arase) satellite were obtained from the ERG Science Center operated by ISAS/JAXA and ISEE/Nagoya 
University (http://ergsc.isee.nagoya-u.ac.jp/, see Miyoshi, Hori, et al., 2018). The Arase satellite datasets 
for this research are available in these in-text data citation references: Asamura et al.  (2018), Kasahara, 
Kasaba, et al. (2018), Kasahara, Kojima, et al. (2018), Kasahara, Kumamoto, et al. (2018), Kasahara, Yokota, 
et al. (2018), Matsuoka et al. (2018b), Miyoshi, Shinohara, and Jun (2018), Wang et al. (2018), and Yokota 
et al. (2018). The GIRO data resources are available at http://spase.info/SMWG/Observatory/GIRO.
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