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Abstract we present a comprehensive investigation on the propagation characteristics of duskside
medium-scale traveling ionospheric disturbances (MSTIDs) using 630.0-nm airglow emissions over
Tromso (69.6°N, 19.2°E; magnetic latitude: 66.7°N). The unique points of our observation are (1) duskside
MSTIDs primarily exhibited eastward motion under quiet conditions but turned to the westward direction
associated with geomagnetic disturbances, (2) the westward moving MSTIDs again turned to the eastward
direction when the geomagnetic disturbance ceased, (3) the turning of MSTIDs to the westward direction
was invariably associated with an increase of the northward component of the magnetic field observed by
the local ground-based magnetometers and with the equatorward expansion of the auroral oval, and (4) the
Super Dual Auroral Radar Network convection maps revealed that the location of Tromse was inside
(outside) the duskside convection cell during the time of appearance of westward (eastward) moving
MSTIDs. The average eastward and westward velocities of MSTIDs were ~25-80 and ~40-140 m/s,
respectively. The Doppler shift measurement of the 630-nm airglow by a Fabry-Perot interferometer at
Tromse showed that northeastward winds were predominant during the appearance of eastward moving
MSTIDs. These experimental evidences suggest that the oscillatory motion of MSTIDs over high latitudes is
driven by the convection electric field. The MSTIDs tend to move eastward under geomagnetically quiet
conditions but show westward motion under the influence of convection electric field associated with
auroral activities in the duskside of two-cell convection pattern.

1. Introduction

Understanding the coupling between atmosphere, ionosphere, and magnetosphere serves as an area of fun-
damental research for the space weather physics. The high-latitude ionosphere (auroral and polar) serves an
important region for such studies as it is directly connected with the magnetosphere, making it sensitive to
even a small change in the magnetospheric activity. The high-latitude ionosphere is known for the existence
of plasma structures of various scale sizes ranging from hundreds of kilometers to centimeters. The genera-
tion mechanism that are responsible for the formation of such structures can be of different origin: particle
precipitation from the magnetosphere, plasma instability mechanisms, and neutral atmospheric dynamics
(Fejer & Kelley, 1980; Keskinen & Ossakow, 1983). The relative importance of these sources in generating
and affecting these structures depends on the geomagnetic conditions and location of the region with respect
to the magnetospheric boundaries

Among several plasma structures, the medium-scale traveling ionospheric disturbances (MSTIDs) are parti-
cularly important because their source mechanism is associated with several processes viz., tropospheric
convections, auroral activity, plasma precipitations in the polar ionosphere, polar vortex, and plasma
instability processes (Hargreaves, 1992). MSTIDs are wave-like structures in the ionosphere with horizontal
wavelengths of 100-1,000 km and periods of 15 min to 1 hr (Hocke & Schlegel, 1996; Hunsucker, 1982). The
phenomenon of MSTIDs has been investigated extensively using a variety of equipment such as ionosondes
(Amorim et al., 2011; Ssessanga et al., 2017), satellites beacon (Forbes et al., 2016; Garcia et al., 2016), airglow
imagers (Makela et al., 2010; Shiokawa, Ihara, et al., 2003), Global Navigation Satellite Systems (Huang
et al., 2018; Otsuka et al., 2013; Saito et al., 1998), and the high frequency (HF) radars (Bristow et al.,
1994; Oinats et al., 2016). The 630.0-nm airglow all-sky images particularly stand out because of high spatial
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resolution (less than 1 km) and ability of revealing the two-dimensional (2-D) structure of MSTIDs. The
630-nm airglow has an emission layer at 200-300 km, and it is excited by the interaction between atomic oxy-
gen ions in the ionospheric F region and thermospheric molecular oxygen. Therefore, the 630-nm airglow
intensity is a true indicator of F region plasma density and its height variations (Shiokawa, Mori, et al.,
2012; Shiokawa et al., 2013).

The nighttime midlatitude MSTIDs, which are observed frequently at middle and low latitudes, have been
investigated extensively (Figueiredo et al., 2018; Garcia et al., 2000; Huang et al., 2018; Kotake et al., 2007;
Kubota et al., 2000; Makela et al., 2010; Martinis et al., 2010; Nishioka et al., 2009; Saito et al., 1998;
Shiokawa, Thara, et al., 2003; Sivakandan et al., 2019; Tsugawa et al., 2007, and references therein). These
observations show that nighttime MSTIDs primarily have northwest-southeast (NW-SE) phase front and
propagate southwestward in the Northern Hemisphere. These MSTIDs have been found to be electrified
in nature (e.g., Narayanan et al., 2018; Saito et al., 1995; Shiokawa, Ihara, et al., 2003), and observations have
demonstrated the mirror images of the MSTIDs in the conjugate hemisphere (Martinis et al., 2011; Otsuka
et al., 2004; Shiokawa et al., 2005). The classical theory of atmospheric gravity waves (Hines, 1960) was
unable to explain this preferred propagation direction of MSTIDs. The nighttime midlatitude MSTIDs are
believed to be associated with the plasma instability mechanism known as the Perkins instability. Perkins
(1973) pointed out that the north-south electric field or eastward neutral winds could disturb the equilibrium
of the nighttime midlatitude F layer. The consequent perturbations in the ionospheric conductivity can
allow the generation of polarization electric fields and an instability leading to the development of
MSTIDs. The phase front of these MSTIDs is not aligned along the magnetic field like equatorial plasma bub-
bles but subtend a significant angle from the magnetic field lines (e.g., Garcia et al., 2000; Shiokawa, Thara,
et al., 2003). Since Perkins instability mechanism correctly estimates the alignment of the phase fronts in
conductivity variations, it is considered as a prime mechanism responsible for triggering MSTIDs in midla-
titude ionosphere. The linear growth rate of this instability is very small (in the order of 10™%/s) to trigger the
instability (Garcia et al., 2000; Makela & Otsuka, 2011), and therefore, some other seeding mechanism is
required to reinforce its small growth rate. The simulation results of Yokoyama et al. (2009) and
Yokoyama and Hysell (2010) demonstrated that the polarization electric fields driven by the neutral winds
in the E region is essentially important for the development of MSTIDs as well as the seeding of NW-SE per-
turbation in the F region.

The observations of MSTIDs at high latitudes using all-sky imagers are difficult because of the hindrance
caused by the bright aurora. Therefore, as compared to the low latitudes and midlatitudes, the imaging
observations of MSTIDs at high latitudes are rather sparse. In fact, the limited results on the propagation
characteristics of MSTIDs over high latitudes hindered the progress in our understanding on these dynami-
cal structures. In addition, there exist several source mechanisms which can trigger the MSTIDs over high
latitudes as compared to other latitudes. Therefore, the exact mechanism that leads to the generation
of MSTIDs over high latitudes is still an elusive aspect. The first observation of high-latitude nighttime
MSTIDs was reported by Kubota et al. (2011) in 630-nm airglow images at Fairbanks, Alaska. These
MSTIDs were found to propagate predominantly in the southwestward direction and believed to be triggered
by atmospheric gravity waves because the background horizontal neutral wind was mostly northward,
restraining the Perkins instability. They surmised that the auroral activity seen in the northeast of
Fairbanks could be the source for the atmospheric gravity waves. Shiokawa et al. (2013) carried out the first
statistical study of high-latitude nighttime MSTIDs observed by 630-nm airglow images over Athabasca and
Tromse. They concluded that these MSTIDs are caused primarily by the Perkins instability; however, an
additional source by atmospheric gravity waves from lower altitudes can also contribute.

The motion of high-latitude MSTIDs and their propagation characteristics during different background con-
ditions is another elusive aspect of the MSTIDs. By using 630-nm airglow images, Shiokawa, Mori, et al.
(2012) for the first time reported the change in the propagation direction (oscillatory motion) of nighttime
MSTIDs which were observed to be associated with the auroral brightening. It is worth mentioning here that
after this case study, which comprised of only one event during 2009, no observations showing this distinct
oscillating motions of MSTIDs have been reported till date. Further, this study left us with several unan-
swered questions like (1) is it a one-time event and (2) under what conditions do the motion of MSTIDs
attain oscillatory features. This calls for detailed investigation on the characteristics of high-latitude
MSTIDs and its association with auroral brightening. The present study is an attempt to shed a light on
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the above aspects, in addition to provide a systematic picture on the propagation characteristics of MSTIDs
over high latitudes by using five duskside MSTID events.

2. Data and Methodology

The primary data set for the present study is the airglow imager (imager number 12), which is one of the
Optical Mesosphere Thermosphere Imagers (Shiokawa et al.,, 1999, 2009) and has been operated in
Tromse since 10 January 2009. The imager has a 180° field-of-view fish-eye lens, six band-pass optical filters,
and a thermoelectrically cooled CCD with 512 X 512 pixels. CCD images processed with 2 X 2 binning
(finally combined to 256 x 256 pixels for an image) have been made to increase the signal to noise ratio.
This camera has six band-pass filters that allowed measurement of airglow/auroral emissions at specific
wavelengths: OI at 557.7 nm, OI at 630.0 nm, Na at 589.3 nm, OH bands at 720-910 nm, OI at 732.0 nm,
and background at 572.5 nm. This study utilizes the 630-nm airglow images which were taken every 95 s
with exposure time of 45 s by using a band-pass optical filter with a bandwidth of 1.59 nm. The absolute
intensity of the 630 nm has been obtained by subtracting the image from the background continuum inten-
sity of the sky which was monitored at 572.5 nm at every 15 min. The raw images are projected into an equi-
distant grid under assumption that the emission intensity has a peak at 250-km altitude. In order to identify
wave structures in the 630-nm image clearly, the deviation images have been generated by subtracting 1-hr
running averages. The deviations are calculated as (I(t) — L,(¢))/1.(t), where I(f) and L,(f) are the airglow
intensity measured at time ¢ and the average intensity over ¢ + 30 min, respectively, for each pixel of images
(Shiokawa, Ihara, et al., 2003; Shiokawa, Mori, et al., 2012).

The propagation characteristics of MSTIDs over Tromse have been investigated by analyzing 9-years of data,
that is, from January 2010 to February 2018. It is worth mentioning that MSTIDs can be found in faint fluc-
tuations of the airglow intensity, and thus, the camera operation mode requires moderately long exposure
time (e.g., 45 s) and binning in a CCD during readout. It is challenging to find out the structures of
MSTIDs at high latitudes owing to occasional saturation of the image count during appearance of aurora
in the camera field of view. In addition, the exposure time was often found to be reduced to 10 s facilitating
the study of auroral activity over Tromse. With these restrictions, the total number of nights when the data
were available to examine the presence of wave structures, if any, were only about 75. Out of these nights, we
could identify only seven cases of apparent MSTID-type structures. In this study, we present five intriguing
events of duskside MSTIDs. These events have been selected because they occurred in same time sector, that
is, 15-20 UT (1730-2230 magnetic local time) and exhibited different propagation characteristics. The rest
two events occurred in the midnight sector and were found to be weak for further analysis.

The ionospheric convection maps provided by the Super Dual Auroral Radar Network (SuperDARN)
(Virginia Tech SuperDARN group, 2015) are also used to examine the relative location of Tromse with
respect to the two-cell convection pattern.

Horizontal wind velocities during the appearance of MSTIDs are derived from Fabry-Perot Interferometer
(FPI) at Tromse. This FPI, which is a part of Optical Mesosphere Thermosphere Imagers, has been operated
at Tromse since January 2009. It measures thermospheric wind by scanning the sky in five directions (north,
south, east, west, and zenith). The FPI measurements used in this study were based on 630.0-nm wavelength
and were made at the zenith angle of 15° with an exposure time of 9 s per direction. Measurements at optical
wavelength of 557.7 nm were also made sequentially for deriving winds at E region heights, but such mea-
surements are not the subject matter of the present study. The time resolution of wind vector measurement
including exposure and data transfer time was 150 s. However, in order to increase the signal-to-noise ratio,
original FPI spectral images were integrated in a post-analysis, and the time resolution of the wind data to
make figures in this paper is about 50 min. Assuming that the emission intensity has a peak at 250-km alti-
tude, the horizontal distance from the zenith to individual oblique directions (15°) is 67 km. The details
about the instrument and technique to derive wind speed from the Doppler shift of the airglow emission
measurement can be found in Shiokawa, Kadota, et al., 2003; Shiokawa, Otsuka, et al., 2012).

The magnetometer data at Tromse (TRO; 69.6°N, 19.2°E; magnetic latitude: 66.7°N) and Abisko (ABK;
68.4°N, 18.8°E; magnetic latitude: 66.1°N) (Tanskanen, 2009) have been used to examine the variation of
X component (northward component) magnetogram during the propagation of MSTIDs. Tromsg is the place
of the camera, and Abisko is close to the place of MSTIDs appearance as presented later. In order to obtain
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the perturbations caused by ionospheric currents, it is prerequisite to remove the geomagnetically quiet-time
variations along with dominant Earth's magnetic field. The SuperMAG portal provides the baseline sub-
tracted magnetometer data, which are free from daily variations and yearly trend (Gjerloev, 2012). The
1-min data of interplanetary magnetic field (IMF) B, and B, observed by the WIND satellite, and AU and
AL indices were obtained from Space Physics Data Facility. The WIND satellite data, which can be down-
loaded from the CDA Web, are time shifted up to the nose of the bow shock.

3. Observations
3.1. The 630-nm Airglow Imaging

Figure 1 depicts the representative 630-nm images to show the occurrence of MSTIDs on 14 February 2018
(a), 27 November 2010 (b), 12 February 2018 (c), 12 December 2017 (d), and 5 December 2010 (e) along with
their phase surfaces (highlighted by white dashed lines). These images are deviations from 1-hr running
average. The X and Y axes in Figure 1 represent meridional and zonal relative distance, respectively, from
the zenith of Tromse. The uniqueness of the study is that all the five MSTID events correspond to the same
time sector, that is, 15-20 UT (1730-2230 magnetic local time). Large deviations seen in the northern part
of the images are attributed to auroral activities. Oblique structures seen in the southern part but charac-
terized by lower deviations are signatures of the MSTIDs, which are scientific targets to be analyzed in this
study. Most of the MSTIDs presented in Figure 1 are located far away from aurorae in the north, but a part
of the poleward side of MSTIDs for event of 05 December 2010 (panel e) may invade into the aurora. This is
an example of difficulty encountered to study MSTIDs over high latitudes as mentioned in section 2, and in
this study, we will focus on MSTIDs that are clearly distinguished from aurorae and appear at far equator
side of aurorae. Movies S1-S5 in the supporting information indicate motion of MSTIDs for these five
events, showing their temporal and spatial variations. It is observed that MSTIDs orient primarily in the
NW-SE direction for 14 February 2018 (panel a), 27 November 2010 (panel b), and 12 December 2017
(panel d) and in the northeast-southwest (NE-SW) direction for 5 December 2010 (panel ). However, on
a few occasions and in some areas, the phase surface of MSTIDs is found to be aligned in random directions
which are also highlighted by dashed white lines in Figure 1. It is observed that MSTIDs show change in the
alignment of phase surface during initial and later phase of their propagation. For instance, during
the event of 14 February 2018 (panel a; Movie S1), the MSTIDs exhibit north-south alignment and also dis-
played C-shaped structures in the initial phase of their propagation. These MSTIDs orient in the NW-SE
during the later time. Similarly, the phase surface of MSTIDs during 12 February 2018 (panel c;
Movie S3) showed alignment primarily in the north-south direction. However, these north- to
south-oriented MSTIDs exhibited a tendency to be aligned in the NW-SE direction at the later time (after
~1745 UT; Movie S3). On 5 December 2010 (Movie S4), in addition to the NE-SW aligned MSTIDs, another
set of MSTID-type structures were observed at the northern edge of the images. These additional MSTIDs
aligned along the NW-SE direction, persistently propagated in the northeast direction, and appeared to
merge with the aurora. Such MSTIDs are not the subject matter of the present study because of their plau-
sible contamination by aurora. We have discussed only about the MSTIDs observed at the southern edge of
the images. It is worth mentioning that all the events occurred during quiet to unsettled geomagnetic con-
ditions with Ap index remained less than 15. This has provided us with a distinct opportunity to study the
characteristics of high-latitude MSTIDs under various background conditions in the duskside. In order to
investigate the motion of MSTIDs more clearly, the keograms have been generated. A keogram is a time
sequence of airglow intensity variation in the east-west (zonal keogram) and north-south (meridional keo-
gram) direction. In order to avoid disturbance caused by the aurora, the zonal keogram is constructed by
stripping the slices of airglow images at 150-km south of Tromse. The black horizontal and vertical dashed
lines in Figure 1la highlight the baselines used to take the cross sections for making keograms of all the
events. In the present case, the zonal (east-west) keogram demonstrates the east-west motion of MSTIDs,
whereas meridional (north-south) keogram is mainly used for studying the auroral activity. In the following
subsections, the detailed description on the propagation characteristics of MSTIDs for all the considered
cases will be described.

3.1.1. Case 1: 14 February 2018

Figure 2 shows keograms for 14 February 2018 along with geomagnetic component and geomagnetic activity
indices. Figures 2a and 2b depict the zonal keogram for 630-nm airglow intensity and its deviation from 1-hr
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Figure 1. Examples of 630-nm images depicting the phase surface of the MSTIDs on 14 February 2018 (a), 27 November 2010 (b), 12 February 2018 (c), 12
December 2017 (d), and 5 December 2010 (e). The Y and X axes represent meridional and zonal relative distance, respectively, from the zenith of Tromse.

running averages, respectively. The auroral activity can be seen in the meridional keogram presented in
Figure 2c. The emission enhancement at ~1845 UT is due to contamination from artificial light. The
increase in the 630-nm intensity toward the north of Tromse represents the brightening of aurora. The
presence of MSTIDs and its change in direction of propagation from eastward to westward are discernible
from Figures 2a and 2b. The initially eastward (~30 m/s) moving MSTIDs began to move in the westward
direction (~80 m/s) from ~1800 UT, and then they again reversed their motion and became eastward from
~1830 UT (45 m/s). The gradual equatorward expansion of the aurora was observed from 1800 UT. The
aurora covered almost entire field of view of the imager after 1920 UT, causing saturation in the images.
These MSTID and auroral variations can also be clearly seen in Movie S1.

In order to study the perturbations in the local magnetic field, the X component at Tromse (TRO) and Abisko
(ABK), which is located at a slightly lower latitude in the same magnetic meridian of Tromse, are plotted in
Figure 2d. The AU and AL indices, which represent eastward and westward ionospheric equivalent current,
respectively, are depicted in Figure 2e. A small enhancement of ~4-5 nT starting from 1758 UT was observed
in the X component at TRO and ABK coincided with westward turning of MSTIDs (highlighted by vertical
dashed line). It should be noted that positive/negative values in the X component correspond to
eastward/westward current in the E region. At ~1800-1830 UT, the X component at TRO continued to show
perturbations with gradual increase but the X component values at ABK attained the negative values. The
AL index also showed small but sudden decrease (in magnitude of about 100 nT) during 1800-1830 UT, sug-
gesting the presence of small substorm-type activity. After this small substorm, the geomagnetic conditions
appeared to be quiet during 1830-1900 UT. The AL index attained steady values of ~20 nT and X component
at Tromse showed a gradual fall during 1830-1900 UT. It is interesting to note that the MSTIDs again turned
to the eastward direction after 1830 UT. The abrupt decrease in the AL index and sudden perturbations of
relatively larger amplitudes in the X component at both stations appeared again after 19 UT, leading to
the occurrence of intense aurora.
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Figure 2. (a) East-west cross sections (keogram) of airglow images observed over Tromse on 14 February 2018 for 630.0-
nm intensity (b) and its deviations from 1-hr running averages. (c) North-south keogram of 630 nm emission intensity. (d)
Variation of baseline subtracted X component of geomagnetic field at Tromse (TRO) and Abisko (ABK). (e) Variation of
AU and AL. (f) Variation of Eastward and Northward neutral wind speed observed by Fabry-Perot interferometer (FPI)
derived through the Doppler shift of the 630-nm airglow. (h) Variation of IMF By, and B, components.

The eastward and northward neutral wind speed observed by FPI at Tromse are depicted in Figures 2f and
2g, respectively. The relative location of the FPI scanning beam with respect to the aurora is crucial to under-
stand the neutral dynamics in the MSTID region. At 1700 UT, the aurora appeared to be about 100 km away
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from the zenith but its equatorward edge gradually expanded toward the equator and encompassed almost
entire field of view of the imager after 1920 UT. The zonal wind remained dominantly in the eastward direc-
tion till 1800 UT with a magnitude of ~100 m/s, which is much faster than the eastward moving MSTIDs.
Thereafter, the zonal wind showed gradual westward acceleration. The meridional wind showed oscillatory
pattern, that is, it fluctuated between northward and southward direction. However, the meridional wind
turned dominantly to the southward direction after ~1900 UT. Westward acceleration starting from 19 UT
suggests that the thermosphere above Tromse is driven by the sunward ionospheric convection, which is
typically seen in the dusk, coinciding with equatorward expansion of the auroral oval due to increasing
geomagnetic activity.

In order to access the interplanetary conditions, IMF B, and B, are shown in Figure 2h. It is predictable from
the figure that IMF turned southward at ~1730 UT and remained southward throughout the considered time
period without notable fluctuations.

3.1.2. Case 2: 27 November 2010

Figure 3 shows keograms of airglow images observed at Tromse, X component of the magnetic field at TRO
and ABK, and IMF B, and B, variation on 27 November 2010. The event of 27 November 2010 presents inter-
esting motion of MSTIDs in east and west direction. They sequentially changed direction of motion and
speed from ~1515 to ~1730 UT: eastward at ~40 m/s from ~1515 UT, westward at ~140 m/s from ~1545
UT, eastward at ~60 m/s from ~1610 UT, and westward from ~1650 UT at 30 m/s. The last westward motion
was observed to abate at ~1700-1725 UT. The horizontal dashed-lines in Figure 3 highlight the time of west-
ward reversal of MSTIDs. The 630-nm intensity of the aurora appeared to expand gradually southward from
~1500 UT to 1800 UT and, thereafter, covered the entire field of view. The MSTID and auroral variations can
also be clearly seen in Movie S2.

The positive fluctuations in the X component at TRO and ABK during the time of westward turning of
MSTIDs can be observed from Figure 3d. The first reversal of eastward moving MSTIDs in the westward
direction at ~1750 UT coincided with the sharp positive fluctuation of about 7-10 nT in the X component
at TRO and ABK. On the contrary, the AU/AL showed gradual decrease/increase during ~1500-1630 UT
and, thus, exhibit no abrupt changes during the change in the MSTID propagation direction. It can be noted
that during the eastward motion of MSTIDs at ~1615-1645, the X component at TRO and ABK mostly
decreased with time. The X component at TRO and ABK, however, displayed a gradual increase from
1630 UT, and subsequently, MSTIDs again turned to westward direction from ~1655 UT. It is interesting
to note that during the abatement of MSTIDs drift at ~1700-1725 UT, the X component at ABK exhibited
almost constant values. The continuous decrease in the AL index and the southward expansion of aurora
marked the presence of substorm after ~17 UT. Further, it is interesting to note that IMF B, did not show
any significant changes during the appearance of oscillatory motion of MSTIDs.

3.1.3. Case 3: 12 February 2018

Figure 4 shows keograms of airglow images observed at Tromse, X component of the geomagnetic field
at TRO and ABK, horizontal neutral wind at Tromse, and IMF B, and B, variation for 12 February 2018.
The MSTIDs propagate in the eastward direction from ~1710 UT with a phase speed of ~80 m/s. These
eastward moving MSTIDs appeared to stagnate at ~1825-1835 UT (depicted by dashed line) before turn-
ing to westward direction. This stagnation and turning of MSTIDs occurred concomitantly with the
enhancement in the X component of ~3 nT at TRO and ABK, and also with the sudden fluctuations
in IMF B,. It can be noted that aurora also gradually began to expand in the southward direction at
1825 UT and cover the entire field of view of the airglow imager after 1900 UT. The southward turning
of IMF B, from 1830 UT led to a small substorm activity, which is evident by the presence of negative
bay of ~150 nT at ~1840 in the AL index. Thereafter, the AL index decreased continuously, displaying
the presence of active geomagnetic conditions as also reflected in the X component magnetograms at
both stations.

The zonal wind in Figure 4f was observed to be dominantly eastward and began to turn to westward direc-
tion after 1830 UT with increasing geomagnetic activity. The meridional wind was accelerated northward
from 17 UT, remained northward till 18 UT (~20 m/s), and thereafter again accelerated to southward direc-
tion. The magnitude of the zonal wind speed was ~60 m/s during the time of appearance of eastward
MSTIDs (~1730-1830 UT).
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Figure 3. Same as Figure 2 but for 27 November 2010 and without neutral wind speed.

3.1.4. Case 4: 5 December 2010

The case of 5 December 2010, shown in Figure 5, has a unique feature characterized by persistent eastward
propagation of MSTIDs from 1530 to 2030 UT. The continuous MSTID motion in the eastward direction can
also be seen in Movie S4. These MSTIDs were found to move with a speed of ~25 m/s. The aurora started
expanding southward gradually at ~18 UT and cover the entire field of view of the imager from ~2100 UT.
The AL index showed the constant values of ~—20 nT during 15-20 UT, which approximately corresponds
to time interval of eastward moving MSTIDs. A sharp decrease in the AL index after 2030 UT suggests the
presence of the substorm type activity. The notable feature of this event is that although X component at
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Figure 4. Same as Figure 2 but for 12 February 2018.

both the stations shows fluctuations during ~1500-2000 UT but no characteristic change is observed as
noticed in the earlier cases.

3.1.5. Case 5: 12 December 2017

In contrast to the event of 5 December 2010, the MSTIDs propagate continuously in the westward direction
for the event of 12 December 2017 as shown in Figure 6. The presence of aurora from the beginning of mea-
surements, that is, from 1500 to 1600 UT can be seen from the figure. Unlike other events, the MSTIDs for
this event was detected in the data from 1600 UT, after the brightening of aurora. Figure 6 also shows a
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Figure 5. Same as Figure 2 but for 5 December 2010 and without neutral wind speed.

brightening in the southern sky at 1500-1615 UT which might be due to the presence of the auroral arc.
These MSTIDs persistently move westward with a speed of ~105 m/s until 1630 UT. The retardation in
this westward motion during ~1630-1700 UT is clear from Figure 6 and Movie S5. This decreased
westward speed is estimated to be ~55 m/s at 1640-1700 UT. The X component magnetogram at both the
stations displayed positive fluctuations of around 15 nT during ~1530-1700 UT and, thus, exhibit no
characteristic change as observed in the previous cases during MSTIDs propagation. The IMF B,
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Figure 6. Same as Figure 2 but for 12 December 2017.

component became southward from 1645 UT. The abrupt decrease in the AL index after 1700 UT was
followed by an intense aurora, suggesting the presence of a substorm. In spite of the brightening of aurora
in the northern sky and auroral arc in the southern sky during ~1500-1600 UT, the zonal wind remained
in the eastward direction, however with a considerably lesser magnitude (about ~75 m/s) as compared to
the other two events of 2018 (100-125 m/s; Figures 2f and 4f). The zonal wind remained eastward
throughout the considered time period, showed a maxima at ~1600 UT (~90 m/s), and then started to
decrease. This westward acceleration occurred concomitantly with the southward expansion of aurora
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seen at the northern part of the sky. The meridional wind remained in the northward direction throughout
the event interval but its southward acceleration is clearly seen from ~1600 UT.

3.2. Convection Maps

The ionospheric plasma convection plays a key role to the dynamics of the F region at high latitudes. In order
to examine the high-latitude ionospheric convection above the northern Scandinavia, convection maps esti-
mated from the SuperDARN have been used in this study. Note that the convection pattern in the northern
Scandinavian area was highly dependent on estimation from the standard map potential algorithm
(Ruohoniemi & Baker, 1998) because of lack of measurements above the northern Scandinavia. There is thus
likely inestimable ambiguity in determining the equator side edge of the convection pattern. We will thus
refer to the convection map taking into account the magnetometer data shown in individual events.
While we should have examined relative distance between the convection pattern and the MSTIDs area,
the Tromse site is adopted because of ambiguity of the convection pattern. The convection maps are avail-
able for events of 14 February 2018 (Figure 7), 12 February 2018 (Figure 8), and 12 December 2017
(Figure 9). The approximate location of Tromse is depicted by red mark in the figures. The observation
derived from these maps in context to the motion of MSTIDs are described as follows.

On 14 February 2018 (Figure 7), a quiet time convection pattern, which was restricted to high latitudes, can
be seen at 1745 UT. Tromse was situated well outside the high-latitude convection pattern. It can be noted
from Figure 1 that during this time, the MSTIDs were moving in the eastward direction. However, as the
time progressed, the auroral oval expanded owing to the increased geomagnetic activity (see the AL index
shown in Figure 2e), suggesting changes in the high-latitude electric fields and currents. Tromse was located
at or inside the convection boundaries during the time when MSTIDs began to move in the westward direc-
tion. The auroral oval was found to contract and return to its initial state and Tromse again appeared to be
located well outside of the convection region at ~1900 UT. It is worthy of noting that westward moving
MSTIDs again turned to the eastward direction from ~1830 UT.

Similarly, on 12 February 2018, during the time of eastward moving MSTIDs (at ~1730 UT), the prevalence
of quiet geomagnetic conditions is reflected over high latitudes in terms of convection pattern being con-
tracted to higher latitudes (see Figure 8). However, from ~1800 UT, gradual equatorward expansion of the
auroral oval and the convection boundaries began to appear. It can be noted that MSTIDs also turned to
the westward direction from 1830 UT.

The event of 12 December 2017 is different from the other events as the MSTIDs were found to propagate
persistently in the westward direction. It is worthy of noting from Figure 9 that the auroral oval expanded
equatorward well before the onset of MSTIDs. Tromse was located well inside the convection boundaries
during the appearance of westward moving MSTIDs in the dusk sector.

4. Discussion

The duskside MSTIDs observed in the 630-nm airglow emission over Tromse were found to propagate
primarily in the eastward direction under quiet geomagnetic conditions. These MSTIDs turned westward
associated with commencement of geomagnetic disturbances and exhibited a tendency of turning to the
eastward direction as the geomagnetic disturbance ceased. This distinctive pattern in the propagation of
duskside MSTIDs over high-latitudes under various background conditions has not been reported yet and,
therefore, is a matter of great interest. Even though the main intention of this paper is to investigate the pro-
pagation characteristics with background conditions under which MSTIDs oscillate, possible generation
mechanisms of these MSTIDs have also been discussed in section 4.2 in order to have a comprehensive view
of the phenomenon.

4.1. Propagation Characteristics of MSTIDs

Results reveal that the rapid change of MSTID propagation direction at high latitudes is caused by the
prompt penetration of convection electric fields associated with magnetic disturbances. Observations clearly
show that the rapid change in the propagation direction of MSTIDs from eastward to westward are directly
related to local magnetic disturbances and auroral activity but not invariably linked to the global indices
such as Ap and AL. The noteworthy feature of the present results is that the westward turning of MSTIDs
invariably coincided with the enhancement in the horizontal component (X component) of the magnetic

YADAYV ET AL.

12 of 19



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2019JA027598

14/Feb /2018 17:44-17:46 UT

14/Feb/2018 18:14-18:16 UT

. s2(5e7) A W2 (57
i i1
5 —— 3 e
g8 g5
=9 owN wr =y ouN W
8 ) §
: | a‘.;;t mal!”‘} : | Zlf'. wod ‘_'. s
2 e’ o8 nzm 2 &2l :;:;2&.
" “99 & 3l m - &
1000 1000
S 875 S.i 878
g 750 3= ; | %0
| 625 ¢ 8 625 -
° ° £ . . €
8 | ul fwr ¥ 5 g Hws
g t s § § ; 375 i
r | 2% 3 ra 2350 2
% 125 » | 125
3 o H 0
b 1000 m/s 2 1000 m/=
a | -
ag 23
§-g-. 4, = 37K §'§ 4, = 40KV
£ sl A - 69° gl Ay - 65°
§‘5’ N, = 232 pts ;5‘5' N, = 337 pts
:? N = 13 é‘}. N = 17
2 g
21 22 23 0 1 2 3 Hour (MLT) e 22 23 0 1 2 3 Hour (WUT)
) 14/Fed /2018 18:38-18:40 UT V2 (5 s . 14/Fed /2018 19:00-19:02 UT 2 (5
£ em gy
3% —— 3§ g
z! g
,;‘ o wr o owN wr
§ $ -
s | = | 5‘)‘1} “"Jh oy
[ -
?1 é . _C‘!:n:-:‘:n
] 1000
Sll : 875
: : o
] g : A He
00 =
: | SN %
g 3 [ 3
& & 2% 2
- - )
3 | 3 0
g 'g | 1000 m/s
ed ;:E,
&% 4 = 35KV ¥ $pe = TRV
EX " § A, - 68°
Lo A = 50° | “
58 N, = 241 pts §§ N, = 320 pts
E? Now = 16 ug| N = 15
e z
) 3 Hour (WLT) 21 22 23 0 1 2 3 Hour (LT

Figure 7. Representative convection maps during the time of eastward and westward moving MSTIDs for 14 February 2018. The approximate location of Tromse is

depicted by red mark.

field at Tromse and Abisko. The positive increase in the X component implies the increase in the eastward
Hall current in the E region. In the F region, both ions and electrons move in accordance with the E X B drift,
causing no net flow of current (E and B are vectors of the electric and magnetic fields, respectively).
However, the scenario gets changed in the E region where the ion-neutral collision frequency is higher than

— —
the ion gyrofrequency, causing relative motion of ions (V') and electrons (V' ,) which, in turn, set up a

current in the direction of 71—72. Thus, it could be reasonably construed from the above discussion that
the increase in the eastward Hall current in the E region corresponds to the westward E X B drift in the F
region of the ionosphere due to poleward electric field. The presence of westward turning MSTIDs in con-
junction with the simultaneous increase in the local X component suggests the crucial role of local electro-
dynamics in controlling the motion of MSTIDs.

The MSTIDs show persistent eastward propagation when there is no characteristic change in the X compo-
nent of magnetic field at TRO and ABK (case 4). On the contrary, the MSTIDs continue to propagate in the
westward direction when they occurred after the equatorward expansion of the auroral oval. The location of
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Figure 8. Same as Figure 7 but for 12 February 2018.

Tromse was also found to be invariably inside or at the edge of the duskside high-latitude convection cell
during the time of westward moving MSTIDs. The electric field in the equatorward side of the duskside
auroral oval tends to be poleward, causing the westward drift of the ionospheric plasma in the two-cell
convection pattern. Therefore, it is clear from the present observations that the auroral oval expands with
increasing geomagnetic activity, causing Tromse to come under the influence of westward convection
electric fields. These results further imply that the observed MSTIDs are plasma structures and move in
accordance with the background electric field as also pointed out by Shiokawa, Mori, et al. (2012).

Shiokawa, Mori, et al. (2012) explained the eastward drift of the MSTIDs over Tromse by the F region
dynamo driven by the eastward neutral wind. The F region dynamo (Rishbeth, 1971) with eastward neutral
wind can cause eastward plasma drift in the ionosphere. Therefore, in order to understand the motion of
MSTIDs, it is essential to examine the variation of horizontal neutral wind as it might play a role in control-
ling the motion of MSTIDs at high latitudes. The FPI measurements revealed that the neutral winds in the
evening sector were dominantly eastward for the three cases and the westward acceleration of the wind was
found to be associated with the enhanced geomagnetic activity. The pressure gradient created by the solar
heating is the dominant force on the neutrals, causing the dominant eastward winds during the quiet
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Figure 9. Same as Figure 7 but for 12 December 2017.

time in the dusk local-time sector. With increase in geomagnetic activity, the auroral oval intensifies and
expands, causing neutrals to move in the direction of ion convection pattern which is westward in the
dusk sector of the equatorward side of the auroral oval (e.g., Aruliah et al., 1999; Cai et al., 2019; Conde
et al., 2001; Heppner & Maynard, 1987; Xu et al., 2019). The pressure-gradient driven eastward wind was
accelerated westward with the intensification in the auroral activity. Using global ionosphere and
thermosphere model, Wang et al. (2017) demonstrated that during the substorms the ion drag is a
dominant force to produce the westward thermospheric winds in the duskside. It is worthy to note that in
spite of the presence of aurora encompassing the entire region around Tromse, the zonal wind remained
in the eastward direction during 12 December 2017, although with a lesser magnitude as compared to the
other two events. This could be associated with the fact that neutral particles take a finite time (an order
of hours) to change their direction of motion caused by the ion motion through collisions.

4.2. Generation Mechanisms of MSTIDs

One of the most puzzling questions raised by the present results is the origin of the observed MSTID. The two
major mechanisms, which are responsible for the generation of MSTIDs, are atmospheric gravity waves and
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the ionospheric Perkins instability. Shiokawa, Mori, et al. (2012) speculated that MSTIDs over Tromse could
be originated in atmospheric gravity waves. Later, Shiokawa et al. (2013) by using lower atmospheric para-
meters at 250 hPa (~10 km) reported that the eastward and northeastward moving MSTIDs were caused by
gravity wave source which was situated southwest of Tromse. For the present case study, we have also ana-
lyzed the data of vertical pressure velocity, geopotential height, and local Rossby number (RO) to investigate
the source region of the gravity waves that lead to the generation of MSTIDs. The analysis revealed (not
shown here) the occurrence of large RO mostly in the southward and westward direction of Tromse with
no favorable change in the set of vertical velocity and geopotential height. It should be noted here that the
propagation of gravity waves from the troposphere to the thermosphere may be indirect. As the gravity
waves propagate upward, that is, away from their source region, they undergo various filtering mechanisms.
Depending upon their direction and phase velocity, they may either propagate up, or reflected back, or
deposit their energy and momentum at the critical level. These gravity waves often undergo wave breaking
phenomenon and produces secondary gravity waves with larger vertical scales and higher phase speeds
(Fritts et al., 2011). These secondary waves, which are generated in the mesopause region, may serve as a
direct cause of the MSTIDs (Vadas et al., 2003). Further, there may be a possibility of gravity wave source
in the middle atmosphere or in the thermosphere. The gravity waves can also be generated in the thermo-
sphere due to gradients caused by the solar terminator (Sauli et al., 2006).

The present observations show that MSTIDs respond to the electric field associated with auroral brightening
and geomagnetic field perturbation. If the MSTIDs are generated by gravity waves, they should not respond
to the electric field variation. We can consider that the plasma structure caused by gravity waves may move
by the electric field. But in that case the phase front should reappear in the previous location expected from
gravity wave motion, when the motion due to electric field variation ceases. However, in the present events,
the phase front of MSTIDs moves back and forth continuously without any phase jump. These observations
imply that MSTIDs do not have their origin in the gravity waves and plausibly generated by the plasma
instability processes like the Perkins instability.

The Perkins instability plays an important role in the generation of MSTIDs over middle latitudes where
they are known to propagate in the southwest direction in the Northern Hemisphere. The phase surface
of these instabilities is aligned along NW-SE direction at middle latitudes (e.g., Shiokawa, Kadota, et al.,
2003). The driving factor for triggering the MSTIDs in the midlatitudes is the presence of
equatorward/southward wind (Perkins, 1973). In the present case, the FPI-derived wind was found to be pre-
dominantly northeastward. Note that FPI measurements were not made in the region of MSTIDs generation
but correspond to the region of their propagation. Under the northeastward wind, it is a matter of great inter-
est to investigate the role of Perkins instability in the development of MSTIDs. By studying the characteris-
tics of nighttime MSTIDs using 630.0-nm airglow images obtained by ASI installed at Poker Flat Research
Range, Kubota et al. (2011) argued that over Alaska, MSTIDs were generated by atmospheric gravity waves
as they found the dominant northward neutral winds and westward plasma drifts during the appearance of
MSTIDs. However, the instability caused by the change in the Pedersen conductance in the direction of the
ionospheric currents can also play an important role in generating the Perkins instability (Perkins, 1973)
through generation of polarization electric field and associated upward or downward motion of the iono-
sphere. The initial perturbation required to trigger such an instability can be formed by the small displace-
ments of the electron density profile up and down along the magnetic field lines. Under the northward wind
conditions which pushes the ionosphere down to the lower altitudes, if such perturbation is generated, it
may trigger the instability (Makela & Otsuka, 2011).

In the observations under discussion, the northeastward thermospheric neutral wind (u) generates north-
westward ionospheric Pedersen current J = o,(E+u X B), if E is enough smaller than u X B (case 1).
Then the inhomogeneity in the conductivity generates a polarization electric field (E,). For the Perkins
instability to operate, the wave vector (k) of perturbation should lie in the NW or SE direction, because
u X B is in the NW direction. This will give rise to NE-SW alignment of the phase surface of the MSTIDs.
In the second case (case 2), if the magnetospheric electric field (E) is greater than u X B, it could dominate
the electrodynamics of the ionosphere. The poleward electric field in the equatorward side of the duskside
auroral oval gives rise to the poleward ionospheric Pedersen current J = o,(E+u X B), if u X B is smaller
enough than the magnetospheric E. In this case, if the east-west component of E changes with time, the
resultant k and phase surface would also change with time. The dominance of the magnetospheric E
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might be a reason that the MSTIDs did not exhibit a uniform phase surface and displayed a tendency to
change with time. These results plausibly imply that the Perkins instability triggered by magnetospheric E
may be a favorable mechanism responsible for generating MSTIDs over high latitudes.

5. Conclusions

The propagation characteristics of duskside MSTIDs were studied by analyzing 630-nm airglow images,
FPI-derived winds, SuperDARN derived convection maps, and magnetic field measurements at Tromse
and Abisko under various background conditions. The study is based on the five intriguing events of dusk-
side MSTIDs observed over Tromse. The scientific objective of this study is to investigate the background
conditions under which duskside MSTIDs in the subauroral region exhibit a feature of rapid change in
the propagation direction. Results suggest that the change in the propagation direction of duskside
MSTIDs in the subauroral region is controlled by convection electric field. The westward turning of the
MSTIDs is found to be associated with the local perturbations in the X component of the magnetic field
and with the equatorward expansion of the auroral oval. Results suggest that variations in the local magnetic
field are prerequisite to understand the role of local electrodynamics in controlling the dynamical structures
in the F region of the ionosphere. While we do not have the direct measurements of the electric field for
events selected in this study, the expansion of auroral oval and the brightening of aurora provide a reason-
able clue to support an idea of intensification of the convection electric field. The intensified convection elec-
tric field appeared to result in westward turning of the duskside MSTIDs, which moved in the eastward
direction during quiet geomagnetic conditions.
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